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ABSTRACT 
Two trials were conducted to investigate various aspects of 
the production and metabolism of acetate, propionate, and butyrate. 
Two Holstein steers, each serving as its own control, were used 
in each trial. The four steers weighed between 223 and 307 kg. 
Each steer was fed 4.6 kg/day of 70% chopped alfalfa/30% cracked 
corn, with or without 150 mg monensin, at 2-hour intervals. In 
14 14 14 
trial 1, [U- C] acetate, [U- C] butyrate and [1- C] propionate 
were used to measure plasma acetate irreversible loss (XL), rumen 
propionate XL, and the production and interconversion rates of 
14 
rumen acetate and butyrate. In trial 2, uniformly C labeled 
acetate, propionate, butyrate, glucose and bicarbonate were used 
to solve a five compartment model. This model included rumen 
acetate, propionate, and butyrate; and plasma acetate and blood 
bicarbonate. 
The five compartment model from trial 2 showed no monensin 
effects and was therefore analyzed without regard to treatment. 
Flow to compartment x from compartment y is designated F^. The 
five compartments are designated as follows: a = acetate, p = 
propionate, b = butyrate, g = glucose, c = bicarbonate, and o = 
viii 
outside of the model. The transfer rates were (mol C/day): 
2-5' V-'- V-'- V-'- V'-'- fp." 
7-2. V' foa-5-2. f.o-18.5. F^^-O 
V^' ^ac--2; ^bg'O. fba= 
2.0, and F^^-O; F^^-92.5. F^^.62.8, F^g=10.9, F^^-A.!. F^^.13.0, 
and F^^=5.6. The results of both trials were combined to measure 
the effect of monensin on production of acetate, propionate and 
butyrate. Three of the four steers responded by increasing pro­
pionate production at the expense of acetate production. For these 
three steers, propionate production increased from 7.5 to 10.8 mol 
C/day and acetate production decreased from 19.2 to 15 mol C/day 
(p<.05). Monensin had no significant effects on butyrate production, 
interconversion of acetate and butyrate or the total hexose fermented. 
Using data from all four steers, the following regression was 
calculated: Propionate production = 26.3 - .98 * Acetate production 
(r = -.935, p<.001). Total VFA production was equivalent to the 
fermentation of 7.5 moles of hexose per day. 
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INTRODUCTION 
The primary purpose of the research reported in this disser­
tation was to determine the effects of monensin on the production 
rates of acetic, propionic, and butyric acids in the rumen. Knowl­
edge of rates of production of all three acids is necessary in 
order to estimate changes in rumen fermentation efficiency effected 
by monensin supplementation. In addition, measuring production of 
all three acids allows estimates of the rates of interconversion 
among these acids. The effects of monensin on ruminai acetate and 
butyrate production, measured in vivo, and on interconversion rates 
among the volatile fatty acids, have not been reported. 
A secondary purpose of this study was to define an appropriate 
model for studying rumen volatile fatty acid kinetics in vivo. The 
importance of chemical recycling of carbon from rumen acids through 
plasma acetate, plasma glucose, and blood carbonate was investigated 
as part of this model defining process. These experiments were 
designed so that the rates of metabolism of the rumen acids to plasma 
acetate, plasma glucose, and blood bicarbonate would be measured. 
Turnover rates of these three blood and plasma metabolites were also 
measured. 
2 
REVIEW OF LITERATURE 
Introduction to In Vivo Kinetics 
Some knowledge of kinetic analysis is needed to understand the 
literature on measurement of VFA production. A general discussion 
and definition of kinetic terms follows. Texts that discuss these 
topics in more detail are available (Jacquez, 1972; Shipley and Clark, 
1972). 
In in vivo kinetic analysis, a specific metabolite homogeneously 
distributed in a given physical environment is known as a compartment 
or pool. The amount of metabolite (as mass or number of moles) in 
that compartment is its pool size. 
Different metabolites within the same physical environment 
obviously form separate compartments (an example is rumen acetate and 
butyrate). A less precise distinction of compartments arises when 
a metabolite is distributed within different physical spaces. If 
the metabolite equilibrates rapidly among these spaces (relative to 
the physiological processes under investigation), then all of the 
metabolite can be considered as one compartment. In studying rumen 
VFA production, the physical space is usually considered to be the 
extracellular rumen fluid. Lysis of bacterial cells during sample 
preparation and rapid equilibration across intact cell boundaries 
occurs to some extent and is virtually impossible to take into account. 
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In vivo kinetic analysis involves defining models that dis­
tinguish important compartments and quantifying transfer (usually 
of carbon) among these compartments. Most kinetic analyses assume 
that the rate of exit from a compartment is a first order process. 
Although this assumption may seem naive at first (conversion of 
acetate to butyrate is obviously not described by a first order 
equation), if conditions of steady state are forced on the system 
the assumption is quite valid. Steady state requires constant con­
centrations, pool sizes, and transfer rates. A major requirement 
for approximating steady state in animals is to have feed intake 
occur in small, frequent meals. 
Almost all biological compartments are involved in transfer to 
and from other compartments. Each compartment involved in a system 
has an effect on isotope dilution curves of other compartments in 
the system. Specific activity curves obtained by labeling one com­
partment with a dose of isotope and sampling for specific activity 
(SA) at various times thereafter in that compartment (single injec­
tion experiments) follow the form given by Équation 1. 
n -g *t 
1' SAFA =I:L HI.E ^ 
2. Pool size (Q, ymol) = 
ill "i 
4 
Irreversible loss (IL, pmol/min) 
Q \ 
3a. IL= n , where H!= -—=— 
J: H ^ j; H 
i=l — i=l ^ 
®i 
b. IL= DOSE 
n 
Z H. 
i=l — 
Si 
infusion rate 
—K 
Total entry rate (TER, ymoi/min) 
4a. TER= Q * Z H! * g. 
i=l ^ ^ 
b. TER= Q * Z H. * g. 
i=l ^ ^ 
SA 
where: 
SAj.^ = specific radioactivity of metabolite in compartment a at 
time t (dpm/vmol) 
H. = intercept of each component of the multiexponential curve 
of actual SA vs. time (dpm/pmol) 
= intercept of each component of the multiexponential curve 
of SA (expressed as fraction of dose) vs. time (1/ymol) 
-g^ = slope of each component (1/min) 
(from White et al., 1969, with modification of notation) 
Pool size is calculated from the data obtained from single injection 
experiments using equation 2. 
Irreversible loss (IL) is defined as the amount of substance lost 
from a compartment (per unit time) which never returns. IL is 
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calculated in single injection experiments from equations 3a or 3b. 
The denominators of these equations are the areas under the normalized 
or actual SA curves. IL also can be obtained when a continuous in­
fusion of isotope is given. In this case, the SA curve rises to 
approach an asymptote whose value is SA and IL is calculated by 
Equation 3c. Total entry rate (TER) is defined as the sum of all 
input to (or efflux from) a compartment and is calculated from either 
Equation 4a or 4b. The equations are based on the derivative of the 
SA function at time zero because at this time recycling from other 
components bears no isotope. Because the TER calculation is based 
on estimating a derivative, as opposed to the integral used in 
Equations 3a and 3b, it is more subject to error. TER and pool size 
are not obtained in continuous infusion experiments. Recycling is 
calculated by subtracting IL from TER. 
All these kinetic terms are calculated based on sampling one com­
partment. If TER=IL,then one compartment describes the model (graphing 
In SA vs. time for such a system yields a straight ].ine), and pro­
duction rate is the same as irreversible loss. If more than one 
compartment is involved in the system, these terms differ. The following 
discussion defines IL, TER and recycling in terms of transfer rates 
in a system modeled by Figure 1. 
If compartment A is labeled and sampled, the system will be 
described as a one compartment model where TER = IL = F = F + F . 
ao oa ba 
If compartment B is labeled and sampled, then: 
ao bo 
ba 
oa ob 
Figure 1. Hypothetical three compartment system 
CO 
cb 
be 
oc 
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5a. IL = Fgb ^cb * (Foc/f^oc ^bc)) (describes loss) 
= ^ba + ^ bo ^co * (fbc/(Foc + Fbc)) (describes entry) 
6a. TER = (describes loss) 
b. TER = F^^ + F^^ (describes entry) 
7. Recycling = F^^ + \^)y 
Values for labeling compartment C are similar. Note that XL + 
+ ^ ^c > ^oa + ^ ob + foe-
Additional information is gained if compartments other than the 
one initially labeled are sampled for SA. These secondary functions 
share the exponents of the primary function but have different inter­
cepts. The transfer quotient (TQ) is obtained by dividing the area 
or plateau SA of the secondary compartment by the corresponding 
value for the primary compartment. TQ is defined as the fraction 
of the secondary compartment derived from the primary compartment. 
In an attempt to determine actual transfer rates, some re­
searchers have determined TQ,^^ (fraction of B from A) by labeling A 
and then determined XL of B by labeling B. The product XL^ * TQ^^ 
was defined as the actual transfer rate. In fact, this is true only 
when carbon from compartment B does not recycle through any other 
compartment, including A. The product IL^ * TQ^^ underestimates 
the transfer rate (F^^) in all other cases. 
If two compartments form the entire system and one is labeled 
while both are sampled (in a single isotope dilution experiment), 
the entire model can be solved if the pool size of the secondary 
pool is known (Shipley and Clark, 1972). Relative concentrations 
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will equal relative pool sizes if two metabolites are distributed 
in the same space. Therefore, if a two pool model can be assumed, 
there is no need to label the secondary pool. However, this assump­
tion is probably seldom true and the error it causes in the first 
approach, where both pools are labeled, is likely to be less than 
it would cause in the latter approach where only one pool is 
labeled. 
A more general approach involves labeling each pool on 
separate occasions and sampling all pools on each occasion. The 
areas or plateau SA values obtained can be used to calculate 
all of the transfer rates (Gurpide et al., 1963; Mann and Gurpide, 
1966). Each rate is the sum of the direct transfer between any 
two compartments and that transfer occurring through compartments 
not included in the model. In addition, this approach relies on 
mathematically stable estimates. Two major problems with this 
approach are the uncertainty involved in assuming identical con­
ditions during all of the sampling periods and the additional time 
required. These disadvantages can be overcome if distinguishable 
labels, such as or can be used simultaneously. Care 
must be taken when using non-carbon tracers to follow the meta­
bolic pathways of carbon. Detailed knowledge of biochemical 
pathways, reaction mechanisms, and the amount of equilibration in 
various reactions is often not available in sufficient supply to 
allow the use of tritiated compounds to trace carbon. 
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Microbial Metabolism in the Rumen 
Carbohydrates ingested by ruminants are fermented primarily 
to acetate, propionate, butyrate, carbon dioxide and methane. The 
relative proportion of volatile fatty acids (VFA) produced is 
important for several reasons. 
Recovery of hexose energy, based on molar heats of combustion, 
is 109% for propionate, 78% for butyrate and 62% for acetate. In­
creasing propionate or butyrate production at the expense of acetate 
production will increase the efficiency of converting digestible 
energy to metabolizable energy. Propionate, but not acetate or 
butyrate, serves as a substrate for gluconeogenesis. Insufficient 
gluconeogenesis is a practical problem resulting in lactation 
ketosis in lactating cows, pregnancy toxemia in sheep, and perhaps 
limiting milk production in high producing, lactating ruminants 
(Young, 1977). Finally, the relative rate of production of indi­
vidual VFA alters the concentration of fat in milk (Van Soest, 
1963). Control of the proportions of VFA produced in the rumen 
would allow us to optimize feed efficiency and product composition 
and also provide the proper substrates to minimize metabolic problems 
and enhance animal performance. 
The primary substrates for VFA production in the rumen are 
carbohydrates; however, proteins also serve as a source of VFA. 
The anaerobic metabolism of carbohydrates in the rumen involves 
formation of pyruvate, and the reduction of two pyridine nucleotides 
10 
primarily by the Embden-Myerhoff pathway. Pyruvate is further metab­
olized to acetate and butyrate, with the production of carbon 
dioxide and methane, or to propionate. The branched chain VFA arise 
from the catabolism of amino acids (Latham, 1979). 
Pyruvate can be reduced to lactate and released from microbial 
cells or it can be utilized directly. Released lactate from microbial 
cells may be used by other microbes or be absorbed for use by the 
host animal. Pyruvate conversion to lactate does not predominate 
in the rumen under most conditions (Baldwin, 1965); however, high 
grain diets have been shown to cause lactic acid accumulation in 
beef cattle (Slyter, 1976). Extracellular lactate, arising from 
reduction of pyruvate or present in feed can be metabolized to 
either acetate or butyrate via pyruvate. Alternatively, lactate 
can be metabolized to propionate via either pyruvate or aerylate' 
(Baldwin et al., 1962; Satter and Esdale, 1968). 
Pyruvate is decarboxylated to form either formate and acetyl-
phosphate (formate phosphoroclastic reaction) or acetyl-CoA and 
carbon dioxide (clostridial phosphoroclastic reaction). The 
latter reaction results in the production of one reducing equiva­
lent. Acetyl-CoA can react with phosphate to yield acetyl-phosphate 
which in turn is used to generate one ATP. Formate forms carbon 
dioxide and one reducing equivalent (Baldwin, 1965). The net 
reaction for either pathway is: 
ADP + PO^ + PYRUVATE > ACETATE + CO^ + REDUCING EQUIVALENT 
+ ATP 
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Pyruvate or phospho-enol-pyruvate can be carboxylated to form 
oxaloacetate and eventually propionate (dicarboxylic acid pathway), 
or can be converted to lactate and eventually propionate (acrylate 
pathway) (Baldwin, 1965). Either pathway consumes two reducing 
equivalents but generates no ATP. 
Butyrate is produced either via malonyl-CoA, as in mammalian 
fatty acid synthesis, or by reversal of beta oxidation. Both 
pathways require conversion of two acetates to acetyl-CoA, which 
requires two ATP, and both produce one ATP from the conversion of 
butyryl-CoA to butyrate via butyryl-pho sphate. The malonyl-CiaA 
pathway requires an additional ATP for malonyl-CoA formation from 
acetyl-CoA. Therefore, butyrate formation from acetate consumes 
two reducing equivalents and either one or two ATP (Leng, 1970). 
The fermentation of pyruvate to propionate or butyrate yields 
less ATP than if acetate was the sole fermentation product. Pro­
pionate and butyrate production act as electron sinks which allow 
more complete fermentation of the available carbohydrate. Similarly, 
the uptake of extracellular acetate and conversion to butyrate, 
although requiring energy, may be useful to certain bacterial species 
as electron sinks. Uptake of butyrate and conversion to acetate 
yields ATP but requires that some other substance be reduced. 
Bacteria can use substances such as sulfate, nitrate, and nitrite, 
which are available in the rumen, as electron acceptors. Anaerobic 
respiration with such substances could be an energy yielding step 
12 
(Hamilton, 1979). This type of anaerobic reaction has not been 
studied with respect to acetate and butyrate interconversion. 
Measurement of Ruminai VFA Production 
Three general methods are used to measure ruminai VFA production. 
These include in vitro fermentation methods, ruminai isotope 
dilution techniques, and trans-portal difference techniques. Other 
methods have been suggested but the theoretical bases for quanti­
tative measurement using these techniques have not been documented 
(Hungate, 1966; Leng, 1970). 
In vitro technique for rumen VFA production 
The earliest method of estimating rumen VFA production is the 
'zero time' short term in vitro technique, described by Hungate 
(1966). A known volume of rumen contents is incubated for a period 
ranging from 30 to 120 minutes. The rate of production, by this 
volume of rumen contents, is measured by the increased concentra­
tion of the volatile fatty acids. Methane, carbon dioxide, or 
total gas production can also be measured. Rumen volume is deter­
mined and the rate of VFA production by the sample is converted 
to a whole rumen basis. 
Because in vitro and in vivo conditions are not identical, this 
in vitro technique is valid only when the actual zero time production 
can be estimated. The rate of VFA production decreases with incu­
bation time, so that short incubation times give the greatest esti­
mates of production (Whitelaw et al., 1970). As time between samples 
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decreases, more sensitive analytical techniques are required to 
detect concentration differences. The practical interval seems to 
be about 15 minutes for the VFA. Attempts at using non-linear tech­
niques to measure the zero time production have been published 
(Stewart et al., 1958; Whitelaw et al., 1970). 
The in vitro method has many advantages. It can be used to 
measure production of many rumen products, as well as disappearance 
of substrate, simultaneously. The protocol can be executed in most 
ruminant nutrition laboratories, thereby ensuring adequate repetition-
Sampling problems can be overcome by replication. If rumen volume 
is constant, or if it can be measured repetitively, the in vitro 
method would be valuable in studying VFA production under non-steady 
state conditions. 
Unfortunately, the in vitro method consistently has underesti­
mated VFA production when compared to results from in vivo trials 
(Whitelaw et al., 1970). Increased sensitivity of chemical analyses 
or better mathematical analysis of response data may allow this method 
to become more useful. 
Isotope dilution techniques for rumen VFA production 
The purpose of this section is to thoroughly, and critically, 
review the literature in which rumen VFA production has been measured 
by isotope administration into the rvimen. Each publication will be 
described in enough detail to permit evaluation of the results 
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reported therein. Results from several of the studies have been 
summarized in tables and with regression equations. 
Most of the early work measuring in vivo VFA production used 
continous infusion techniques. All of these experiments showed 
considerable carbon exchange between acetate and butyrate, while 
propionate showed less exchange with acetate and very little with 
butyrate. The results of several trials using sheep are reported 
in Table 1. 
The early experiments frequently used compounds which were not 
uniformly carbon labeled. Presumably this will not affect estimates 
of conversion of acetate to butyrate because the conversion involves 
condensation of two acetate molecules with no loss of carbon (Leng, 
1970) and with carbon equally distributed into butyrate (Weller et 
al., 1967). Conversion of butyrate to acetate may be more complex 
because the 1 and 2 carbons of butyrate form acetate while the 3 
and 4 carbons form acetyl-CoA. If the organism oxidizing butyrate 
uses acetyl-CoA, it is possible that the acetate released to the 
rumen fluid would have a higher SA if the 1 or 2 carbons of butyrate 
are labeled preferentially. Because most butyrate to acetate fluxes 
have been determined with 1 or 2 labeled butyrate the fluxes may 
be overestimated somewhat. 
Leng and coworkers (Leng & Brett, 1966; Leng et al., 1968) have 
3 14 
made use of [2,3- H] butyrate with [ C] acetate in order to measure 
acetate and butyrate production simultaneously. They have not com-
3 
pared interconversion rates measured using [2,3- H] butyrate to those 
Table 1. Transfer quotients for ruminai acetate, butyrate and propionate 
Labeled acid 
Transfer quotient (% from labeled acid) 
Acetate Propionate Butyrate Reference 
[1-^^C] Acetate 
[1-^^C] Propionate 
[1-^^C] Butyrate 
[U-^^C] Acetate 
[U-^^C] Propionate 
[1,2-^^C] Butyrate 
[U-^^C] Acetate 
[1,2-^^C] Butyrate 
[1-^^C] Acetate 
[2-^^C] Propionate 
[1-^^C] Butyrate 
[1-^^C] Acetate 
[2-^^C] Propionate 
[1-^^C] Butyrate 
3.2 
14.7 
.5 
10.7 
11.4 
4.5 
20.6  
1.7 
31.2 
4.5 
3.4 
4.3 
2.7 
14.2 
4.8 
11.5 
8 . 6  
16.9 
.9 
44.6 
.7 
38.1 
60.6 
4.8 
51.9 
8.1 
Leng & Leonard, 1965 
6 Sheep fed 
900 g Lucerne chaff 
Leng & Brett, 1966 
4 Sheep fed 
various diets 
Leng et al., 1968 
3-6 grazing sheep 
Bergman et al., 1965 
2 sheep fed 
900 g grass cubes 
Van Der Walt & Briel, 
1976, 4 sheep fed 
1600 g lucerne hay 
16 
14 
obtained using [ C] butyrate. In the step butyryl-CoA to 
crotonyl-CoA the 2 and 3 carbon each lose one hydrogen. Therefore, 
it seems likely that conversion of butyrate to acetate would be 
3 
underestimated using [2,3- H] butyrate. Because butyrate and acetate 
interconversion would form a large part of the recycling of butyrate, 
this interconversion should lead to an error in the estimate for 
butyrate irreversible loss because tritium is being lost but carbon 
3 is being recycled. The authors have compared [2,3- H] butyrate to 
[1,2-^^C] butyrate by infusing them simultaneously and reported 
that the SA ratio obtained was the same as the ratio of the infusion 
rates, although the actual data were not shown (Leng et al., 1968). 
3 14 
Therefore, measured IL was the same for H and C but, based on 
3 14 
accepted metabolic pathways, IL for H and C should differ. 
Bergman et al. (1965) published one of the first studies 
using isotope dilution to measure ruminai VFA production in vivo. 
Two sheep were fed at hourly intervals in order to establish steady 
state conditions. Three separate continuous infusions were con­
ducted using [1-^^C] acetate, [1-^^C] butyrate and [2-^^C] propionate 
and all three VFA pools were sampled simultaneously. 
Information from the three infusions is adequate to solve an 
open three compartment system ("open" means that all, in this case 12, 
transfer rates exist) as demonstrated by Gurpide et al. (1963). 
However, Bergman et al. noted a very low exchange between butyrate 
and propionate and assumed these direct conversions to be zero. A 
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system of ten simultaneous equations based on mass and isotope 
balance was used to solve for the remaining ten parameters. 
The results of the experiment of Bergman et al. are included in 
Table 1 and Table 2. Although 61% of butyrate arises from acetate 
and only 20% of acetate from butyrate, the rate of carbon transfer for 
acetate to butyrate is 2.9 mol/day and for butyrate to acetate is 
2.2 mol/day. Therefore, there is little net flow of acetate to 
butyrate compared to the amount of recycling. 
Leng and Leonard (1965) performed experiments similar to those 
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of Bergman et al. except that they used all [1- C] labeled acids. 
Their animals were fed at hourly intervals for 12 hours and fasted 
overnight. Although their feeding regime caused fluctuations in 
VFA concentrations, the authors conducted their experiments during 
a temporary plateau in concentration and then extrapolated produc­
tion rates to daily rates based on relative concentrations through­
out the day. Transfer rates among compartments were measured as 
TQ*IL which underestimates actual transfer rates to an unknown 
degree. The authors used these transfer rates to correct their 
'gross' production rates or entry rates (irreversible loss) to 
'effective' production rates. Effective production rates would 
correspond to flows from each compartment to the outside (i.e., 
Fg^), the amount available for absorption or metabolism to com­
pounds other than the three VFA. 
Leng and Brett (1966) used simultaneous infusion of [U-^^C] 
acetate, [2,3-^H] butyrate and [U-^^C] propionate. Because inter-
Table 2. Individual VFA production rates and digestible energy intake in sheep 
DE® Roughage 
Ac. Prop. 
Production Rate^ 
But. Hexose Fermented'^ 
Citation 
(Meal) (%) (mol/day) 
2.45 100 5.54 1.45 .92 4.42 Leng and Leonard, 1965 
2.18 100 5.33 1.41 .42 3.79 Leng and Brett, 1966 
1.76 33 3.67 1.07 .46 2.83 Leng and Brett, 1966 
1.69 50 3.28 .84 .36 2.42 Leng and Brett, 1966 
.94 100 1.77 .49 .16 1.29 Leng and Brett, 1966 
1.35 100 2.09 .72 .43 1.84 Leng et al., 1968 
2.5 100 3.70 1.05 .68 3.06 Bergman et al., 1965 
4.0 100 5.60 1.64 1.10 4.72 Van Der Walt & Briel, 1976 
^Estimated from National Research Council, .1978. 
^Ac. = Acetate, Prop. = propionate. But. = Butyrate. All production rates are corrected 
for interconversion and are based on two or more sheep. 
'^Hexose Fermented = 2 * (Acetate + Propionate) + Butyrate. 
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conversion of acetate and propionate was small, this method avoids 
the additional time and assumptions of stability involved in three 
separate infusions. The problems with tritiated butyrate have been 
discussed already in this review. It is unclear whether intercon-
3 
versions in these experiments are based on data from [2,3- H] buty­
rate or from pilot studies using [1,2-^^C] butyrate. The authors 
evaluated four diets fed to a total of 11 sheep. The same procedure 
was used in later studies with six sheep on pasture (Leng et al., 
1968). The results of both studies are included in Tables 1 and 2. 
A less orthodox approach was used by Gray et al. (1966), 
whose primary goal was to measure total VFA production as a means 
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of evaluating pasture quality. A mixture of [1- C] acetate, 
[2-^^C] propionate and [1-^^C] butyrate was infused into two merino 
sheep. Total VFA SA was determined by steam distillation without 
chromatographic separation of the individual acids. The three VFA 
therefore were considered to be one compartment. Because almost 
all of the rumen label was included in this compartment, this total 
VFA production should approximate the summation of actual production 
rates of individual acids. The sheep in the experiment of Gray et 
al. were fed only twice daily with SA sampled over 12 hours. An 
infusion in which the rate of infusion is varied to match the 
predicted production rate can be used to measure production rates 
under non-steady state conditions. Gray et al. obtained similar 
estimates of daily production using matched or constant infusions. 
The matched infusion did not give a constant SA but did decrease 
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the variability in the SA curve. Total VFA production varied from 
4.5 to 5.4 mol/kg dry fodder eaten. 
Waller et al. (1967), in a continuation of the work of Gray 
et al., reported results obtained from three additional sheep. In 
this study, rumen fluid was sampled by an automatic sampler that 
takes samples at 1 minute intervals and pools them. In this pub­
lication, the data obtained by Bergman et al. (1965) were analyzed 
by the authors total VFA technique and gave a total production rate 
almost identical to that obtained by Bergman's analysis. 
Gray et al. (1967) provided further validation for the technique 
of Weller et al. based on 76 infusions with two sheep. Total VFA 
production was not affected by feeding either one time, six times 
or 12 times a day, even though VFA concentrations were variable with 
infrequent feeding but fairly stable with the frequent feeding regimes. 
Similar results were obtained by the group with four additional 
sheep and with a rumen simulation technique (Weller et al., 1969). 
Extensive sampling for long periods of time is necessary when these 
non-steady state conditions are used. It was shown later, by the 
use of rumen models, that a more correct estimate of average pro­
duction under non-steady state conditions is obtained by analysis 
of individual samples as opposed to analysis of a pooled sample 
(Morant et al., 1978). 
Weston and Hogan (1968) used sheep in steady state to measure 
VFA production with diets ranging from 46% to 81% neutral detergent 
fiber and organic matter intakes ranging from 240 to 880 g/day. 
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In addition, rumen volume was measured to determine VFA pool size. 
VFA production was related to organic matter digested (r=.94), total 
VFA pool size (r=.81).and total VFA concentration (r=.67). Van der 
Walt and Briel (1976) fed sheep 1600 g lucerne hay/day and measured 
VFA production using Leng and Leonard's (1965) techniques but with 
sheep fed twice daily. Their data are reported in Tables 1 and 2. 
All of the authors reporting VFA production in sheep noted 
a positive relationship between VFA production and concentration. 
The following regressions of VFA production on VFA concentrations 
have been published (all equations have been converted to give pro­
duction in moles of VFA/day and concentration in mM): 
VFA production = .32 + ,068*[VFA] Van Der Walt and Briel, 1976 
= 1.75 + .068*[VFA] Weston and Hogan, 1968 
(includes data from Bergman et al., 1965 and Leng 
and Brett, 1966) 
= -.426 + .042*[VFA] Weller et al., 1969 
= -.130 + .056*[VFA] Leng, 1970 
It is clear from these regressions that increased production 
of VFA is accompanied by an increase in VFA concentration. In­
creased production must be accompanied by increased absorption. 
Because VFA absorption is a concentration dependent diffusion proc­
ess (Stevens, 1970) it is increased by increasing concentration. 
Therefore, a positive correlation of production with concentration 
is not surprising. VFA concentration will not give an accurate 
estimate of VFA production because the equations varied among authors. 
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Within defined conditions, a regression of production on VFA con­
centration could be useful. A regression of production on VFA pool 
size can be even more precise (Weston and Hogan, 1968). 
A relationship also exists between the amount of digestible 
dry matter consumed by sheep and VFA production. Total VFA produc­
tion can be expressed as moles of hexose fermented ( = [(acetate + 
propionate)/2 + butyrate]). The regression of hexose fermented on 
digestible energy intake, derived from Table 2 is: 
Hexose Fermented (mol/day) = .62+1.15 DE (Meal) (r=.89) 
A sheep consuming 2 Meal of DE would ferment 2.92 moles of hexose. 
At .67 Meal per mole of glucose, this is 1.967 Meal or 98% of the 
apparently digestible energy. It would be a smaller percentage of 
the true digestible energy. 
The data for this regression of hexose fermented on DE are 
mostly from work by Leng and his coworkers. With DE intakes of 
2.45, 2.18 and 1.76Mcal, calculated hexose fermented would contain 
2.96, 2.54 and 1.90 Meal. Such an apparent overestimation of VFA pro­
duction may be due, in part, to the underestimation of interconversion 
rates among the VFA as discussed already. If the regression is 
applied to the data of Bergman et al. (1965) or Van Der Walt and 
Briel(1976), the predicted moles of hexose fermented exceeds the 
actual in both eases even though the latter authors used Leng*s 
calculation procedures. 
Considerably less work on VFA production has been conducted 
with cattle. Esdale et al. (1968) fed one Jersey cow either 3.5 
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kg of alfalfa hay or 3.9 kg of corn silage (DM basis). Volatile 
fatty acid production was measured using the technique of Bergman 
et al. (1965) except that plateau SA was not reached until 8-10 hours. 
Transfer quotients were similar to those obtained by Bergman et al. 
(1965) with no large differences due to diet. Total VFA production 
was 30.9 mol/day for corn silage (11.6 Meal DE) and 26.7 mol/day 
for alfalfa (9.4 Meal DE) for an average of 2.75 mol VFA/Mcal DE. 
These authors showed very good agreement between relative VFA pro­
duction rates and molar proportions of VFA. This agreement did not 
hold in several studies reviewed by Esdale et al. 
Wiltrout and Satter (1972) fed two non-lactating cows 9.2 kg DM 
containing 29.4 Meal DE. Greater amounts of the same diet were fed 
to these cows when they were laetating (17.0 kg DM containing 54.3 
Meal DE). Acetate and butyrate production was measured using Berg­
man' s technique (Bergman et al., 1965) but propionate production 
had to be estimated due to an infusion error. Acetate production 
was 42 and 77 mol/day and butyrate production was 8 and 6 mol/day 
at the low and high levels of energy intake. 
Single injection techniques first were used to measure rumen 
acetate production by Davis (1967) in his study of milk fat depres-
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sion using four laetating cows. [1- C] Acetate was injected into 
the rumen and SA determined at hourly intervals for 10 to 12 hours. 
Justification for not sampling prior to one hour derives from Gray 
et al. (1966) where ruminai mixing time was estimated as 30 minutes 
in sheep. Davis' data fit a monoexponential equation very well. 
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In light of the well-documented exchange between acetate and butyrate, 
this fit is perplexing and indicates that earlier, and perhaps later, 
sampling is required. Distinction between physical and chemical 
recycling in the rumen is a difficult task. In any event, the study 
of Davis demonstrated that a high grain diet, which was responsible 
for milk fat depression, had an acetate IL equal to that of a control 
diet (28.1 and 29.3 mol/day). Bauman et al. (1971) followed up on 
14 
this work using single injection of [1- C] propionate. Propionate 
IL increased from 13.3 to 31.0 mol/day when a high grain diet was fed. 
Herbein.-s«- ats (1978) fed a 30% grain, 70% alfalfa diet to four 
steers under steady state conditions. When an isoenergetic amount 
of an 80% grain, 20% alfalfa diet was fed propionate production in­
creased from 5.96 to 6.89 mol/day. Turnover time of propionate was 
not changed, indicating that pool size and production rate were 
positively correlated. Molar proportions of propionate, however, 
were not as high as expected, which was attributed to the frequent 
feeding. Additional studies of propionate production as affected by 
monensin supplementation are discussed later in this review. 
Trans-portal measurement to determine rumen VFA production 
Rumen VFA production can be studied indirectly by measuring 
portal appearance, but this method will be discussed in the next 
section because most such studies have examined^other aspects of 
VFA metabolism production. Large amounts of butyrate (about 50%) 
are converted to 3-OH-butyrate in the rumen wall (Ramsey and Davis, 
1965; Weigand et al., 1972a) and propionate is metabolized to 
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lactate to a smaller extent (less than 5%) (Weigand et al., 1972b). 
In addition, utilization of ruminai acetate by the rumen epithelium 
may not equal utilization of acetate supplied in arterial blood so 
that corrections applied to calculate actual portal absorption may 
not be adequate. The underestimation of ruminai VFA production may 
be offset to some degree by VFA production in the colon and caecum 
which is included in portal appearance. 
VFA Metabolism by Ruminant Tissues Measured In Vivo 
Isotope dilution studies 
Isotope dilution techniques were first used to study acetate 
metabolism by Bloch and Rittenberg (1945). These authors reported 
an acetate irreversible loss of 15-20 mmol/day per 100 g tissue in 
the rat. Davis and coworkers (1960a) attempted to measure acetate 
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IL using a single injection of [1- C] acetate into the jugular vein 
of a 160 kg steer that had been fasted for 72 hours and then had 
its rumen emptied. Blood acetate specific activity decreased rapidly 
and plotting the natural logarithm of blood acetate SA against time 
gave a non-linear response. 
Williams (1960) measured expired carbon dioxide SA from three 
14 
cows after single intravenous injections of [1- C] acetate and found 
that carbon dioxide SA peaked within 14 minutes after injection. 
Annison and Lindsay (1961), using sheep, also found rapid decreases 
in plasma acetate SA after single injections of labeled acetate. 
These authors reported that the equilibration of erythrocyte acetate 
and plasma acetate occurs within 30 seconds. 
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It seems that plasma and red blood cell acetate can be con­
sidered as one compartment in a more complex system that allows 
recycling of carbon back into the peripherally accessible blood 
acetate compartment. The short turnover time and the multiexponen-
tial nature of the acetate SA dilution curve impose severe practical 
limitations on the accuracy of results obtained from single injection 
experiments. Continuous infusion of radioactive acetate has been 
more useful in measuring blood acetate IL even though pool size 
and total entry rate cannot be obtained with this method. 
In the study by Davis et al. (1960a), a rapid fractional turnover 
rate for blood acetate was obtained even though no acetate was avail­
able for absorption from the rumen. Starvation caused a fivefold 
decrease in blood acetate concentration and presumably a major 
decrease in blood acetate pool size and production. These data 
indicate that ruminai acetate is the primary source, but not the 
sole source, of blood acetate. 
In the same publication, results from a continuous infusion 
14 , 
of [1- C] acetate were reported. This infusion was accompanied 
by quantitative collection of tracheal carbon dioxide and determi­
nation of its specific activity. The steer received a meal of 1.95 
kg of grain during the infusion. Using the transfer quotient (SA 
expired carbon dioxide/SA blood acetate), the total amount of carbon 
dioxide expired, and the recovery of infused acetate label as carbon 
dioxide, total acetate entry was calculated as 27.14 mol/day. 
Acetate IL was 16.03 mol/day. Tracheal carbon dioxide will not 
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account for all of the carbon dioxide produced by the tissues because 
some blood carbon dioxide enters the rumen and can be lost by eruc­
tation and evacuation (Macrae et al., 1978). The fact that total 
entry of acetate exceeds acetate IL is consistent with the concept 
of blood acetate carbon recycling through other compartments. 
In a companion paper (Davis et al., 1960b), the fraction of 
carbon dioxide derived from acetate was measured in a 455 kg steer 
fasted for 24 h. During infusion of unlabeled acetate at 8.11, 18.14 
or 25.99 mol/day; 10.2, 26.4 or 34.2% of expired carbon dioxide was 
derived from blood acetate. These results indicate that, with in­
creased acetate availability, acetate becomes a more important sub­
strate for oxidation. 
Annison and Lindsay (1961) reported an acetate IL of .72 mol/ 
day with 7% of carbon dioxide derived from acetate in starved sheep. 
Infusion of unlabeled acetate increased IL to 2.64 mol/day but did 
not change net IL (measured IL - rate of unlabeled infusion). The 
fraction of carbon dioxide derived from acetate increased to 40%. 
These authors also found that intravenous infusion of glucose in­
creased acetate production and utilization. Intravenous insulin 
infusion suppressed blood acetate IL and, to a greater extent, 
utilization, which resulted in increased blood acetate concentrations. 
Lee and Williams (1962) reported acetate IL in mature cows as 
2.1 mmol/h per kg body weight (30.24 mol/day for a 600 kg cow). 
Based on reported values for ruminai acetate production, they estir 
mated that endogenous acetate production accounted for 25% of the 
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acetate IL. Annison and White (1962) estimated ruminai contribution 
to blood acetate IL by measuring it just after feeding and at 24 
and 48 hours after feeding. They also estimated that 25% of acetate 
IL was endogenous. 
Annison et al. (1967), using continuously fed sheep receiving 
800 g lucerne and 100 g corn, reported an acetate IL of .26 mol/(day 
*kg.75) which decreased to .14 mol/(day*kg'^^) after 24 hours of 
fasting. This amount of feed is 2.32 Meal DE and would result in 
the fermentation of 3.28 moles of hexose, based on the regression 
given in the previous section. If 65% of the hexose is fermented 
to acetate, it would give 4.26 mol/day whereas IL in a 35 kg sheep 
would be 3.75 mol/day. In fed and fasted sheep, 31.6 and 22.1% of 
carbon dioxide arose from acetate. Palmitate, stearate and oleate 
did not contribute to carbon dioxide production in the fed state 
but yielded 13.1% of carbon dioxide production during fasting. 
With ewes losing 136.3 g/day or gaining 77.1 g/day, acetate 
IL was 2.64 and 2.94 mol/day (Prior, 1978). The same fraction of 
body fat was derived from acetate in both groups if complete equilib­
rium of body fat and acetate can be assumed. This means that more 
acetate formed body fat in the growing ewes. 
Palmquist (1972) reported that palmitate yielded less than 
2% of acetate IL in fed cattle and sheep but contributed 16% of 
acetate IL in fasted sheep. Part of the increase is due to the 
decrease in acetate IL associated with starvation but there would 
also seem to be an increase in the rate of conversion of long-chain 
fatty acids to acetate. 
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The studies discussed in this section support the hypothesis 
that acetate, when it is available and absorbed from the rumen, 
is a major energy source in ruminants. Endogenous production of 
acetate supplements rumen production in the fed state and provides 
for some acetate turnover in fasted ruminants as well. In the 
fasted state, long-chain fatty acids liberated from body reserves 
are oxidized to carbon dioxide, replacing a portion of the acetate 
oxidation. Long chain fatty acids may also become an important 
source of acetate production in the fasted state. 
Some acetate is produced in the caecum and large intestine of 
full-fed ruminants (Ward et al., 1961). Faichney (1969) estimated 
that caecal acetate production is less than 14% of the rumen pro­
duction. This amount could make a significant contribution to endog­
enous acetate production as measured in the preceding experiments, 
even though it is fermentative production and not production by the 
host tissues. 
Trans-organ balance studies 
The contribution of the gut, liver, and other body tissues to 
acetate IL can be elucidated further by using trans-organ balances. 
Measurements of arterial and venous concentrations (A-V differences) 
can give information on whether tissues or organs are net producers 
or utilizers of a metabolite. Reid (1950) demonstrated that the 
ruminant brain utilizes acetate in the fed state but that the con­
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centration difference across the brain decreases 70% after 48 
hours of fasting. In addition, the A-V difference was positively 
correlated with arterial acetate concentration indicating that 
utilization increases with increased supply. The A-V difference 
of acetate was larger than that for glucose. In dogs, there was 
no net utilization of acetate by the brain. 
A-V difference, coupled with measurement of blood flow, yields 
quantitative results on net utilization or production of metabolites 
by an organ. Bergman and Wolff (1971) used the A-V difference 
technique by measuring arterial, portal, and hepatic vein concen­
trations. Para-aminohippuric acid was used to measure both portal 
and total hepatic flow. In addition, these authors infused labeled 
compounds to obtain actual utilization and production rates and whole 
body IL. They used these techniques to study acetate metabolism 
in mature sheep fed 800 g/day of pelleted alfalfa or fasted for 72 h. 
In fed and fasted sheep net portal production of acetate was 
1.78 and .07 mol/day. The gut utilized .55 and .17 mol/day so that 
total absorption was actually 2.33 and .24 mol/day. The liver pro­
duced .14 and .17 and used .12 and .10 mol/day. Acetate IL was 3.10 
and .84 mol/day. For comparison, sheep fed 900 g/day of grass 
(Bergman et al., 1965) had a ruminai acetate production of 3.70 mol/day 
(Table 2). 
The data in the previous paragraph clearly indicate that there 
is a net flux from body tissues into the blood acetate compartment. 
A portion of these tissues must not be in rapid equilibrium with 
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blood acetate because they contribute to acetate IL. Endogenous 
production of acetate was similar in fed and fasted sheep and 
therefore was a larger fraction of the XL in fasted sheep. These 
results, coupled with those of Annison and Lindsay (1961), indicate 
that exogenous acetate does not decrease endogenous acetate pro­
duction. 
Baird and coworkers (1975) used this trans-organ balance tech­
nique in two lactating cows without using labeled acetate. Net 
portal acetate production was 37.22 mol/day and net hepatic pro­
duction was 32.38 mol/day. Costa et al. (1976) measured total hepatic 
flow and estimated portal flow. Total splanchnic production of 
acetate in lactating ewes was 2.66 mol/day. Net gut production was 
1.2 mol/day (assuming that portal flow was 80% of splanchnic flow) 
so that liver contributed over 50% of net splanchnic production. 
The authors noted that liver acetate production would account for 
70% of free long-chain fatty acid uptake by the liver and that the 
correlation of portal-heptic vein concentration differences for ace­
tate and long-chain fatty acids was -.83. 
Pethick et al. (1981) used the same technique as Costa et al. 
14 
(1976), except that [U- C] acetate was infused into) >the jugular vein 
of sheep. Translimb measurements were made to evaluate the role 
of muscle in acetate metabolism. In the analysis of acetate, a 
freeze transferring was used instead of steam distillation. Steam 
distillation may dilute acetate SA in plasma by de-acetylating other 
plasma constituents (Remesey and Demigne, 1974). Underestimating 
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SA will overestimate acetate IL so freeze transferring may be a more 
accurate way to process plasma for acetate SA determination. 
These authors (Pethick et al., 1981) used alloxan treated sheep 
either fed and receiving insulin therapy or starved and hypoinsulin-
emic. Acetate IL was 3.25 and .77 mol/day. Gut, liver, and muscle 
accounted for .82, .55, and 1.78 mol/day of utilization and 2.86, 
.34, and .12 mol/day of production in fed sheep. Corresponding 
values in the starved sheep were .19, .19, and .43 mol/day utiliza­
tion and .46, .34, and .12 mol/day production. 
Hepatic acetate production contributes approximately half of 
the acetate produced by the splanchnic bed in lactating ruminants. 
Hepatic acetate production is not very great in non-lactating ruminants 
nor is it increased by starvation. Hepatic production does become 
a more important contributor to acetate turnover during starvation 
but only because of a decreased gut production and therefore total 
acetate IL. No tissues outside of the splanchnic bed have been 
shown to be significant contributors to acetate IL but muscle would 
contribute to acetate total entry rate. In the study just cited, 
all of the acetate IL was accounted for by splanchnic production. 
Unfortunately, measurements of rumen VFA production and trans-
portal balances have not been conducted simultaneously. It is, there­
fore, impossible to make the direct comparisons that would clearly 
indicate the fraction of blood acetate turnover derived from the 
rumen. 
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Mode of Action of Monensin 
The purpose of this section is to examine the mechanisms by 
which monensin improves efficiency of growth in ruminants. There 
is a large body of literature detailing the effects of monensin on 
animal performance. A brief summary of this literature follows. 
Effects of monensin on animal performance 
Monensin is a feed additive for cattle that is marketed under 
the trade name Rumensin. When included in the diets of growing beef 
cattle fed high concentrate diets, monensin has been shown to decrease 
feed intake without changing average daily gain (Davis and Erhart, 
1976; Raun et al., 1976; Heinéman et al., 1978; and Joyner et al., 
1979). 
The effects of feeding monensin to ruminants on high roughage 
diets vary. Although feed efficiency is usually improved, intake 
may decrease as it does with high concentrate diets (Dinius and Baile, 
1977; Lemeneager et al., 1978a; Lemeneager, 1978b; Baile et al., 
1979; and Vijchulata et al., 1980). Alternatively, intake may not 
be suppressed, with the result that average daily gains increase 
(Potter et al., 1976). On a diet consisting mainly of soybean hulls, 
.monensin decreased both intake and average daily gain (Oltjen 
et al., 1977). These variations are probably due to the quality 
of the roughages fed. Most studies support the concept that monensin 
increases the energy derived from feedstuffs by ruminants. 
One interesting result of monensin is that beef heifers attain 
puberty younger, and at a lower body weight, when fed the additive. 
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This early puberty is probably the result of increased rumen pro­
pionate production because high grain diets yielded similar results 
(McCartor et al., 1979). The addition of monensin may lead to 
increased bone growth without an increase in body weight (Moseley 
et al., 1977). 
History and chemistry of monensin 
Monensin is an antibiotic produced commercially by fermentation 
with Streptomyces cynamonensis. Monensin has four chemical forms, 
with the A form contributing 90% of the monensin found in the Rumensin 
premix (Owens, 1980). Monensin is a carboxylic ionophore. lonophores 
('ion bearers') are substances that cause cations to become lipophylic 
and therefore increase the flow of cations through semipermeable 
membranes along their concentration gradient (Austic and Smith, 
1980). Monensin shows its greatest affinity for monovalent cations 
(i.e., Na+, K+) and has little direct effect on calcium ion transport 
across artificial lipid barriers. However, by affecting sodium 
transport, monensin can increase intracellular calcium concentration 
(Pressman and Guyman, 1975). Monensin is more correctly referred 
to as sodium monensin, with the sodium ion chelated and surrounded 
by the lipohilic monensin structure. 
Monensin was originally marketed as an anticoccidial agent for 
poultry. In routine testing, monensin was found to increase the molar 
proportion of propionic acid in 16-hour in vitro fermentation of 
rumen contents. Based on this test information, feeding trials were 
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conducted and positive effects of monensin on animal efficiency 
for growth were noted. 
Effects of monensin on rumen fermentation and microbial population 
The effect of monensin on total volatile fatty acid production 
and the molar proportions of acetate, propionate, and butyrate are 
dependent on dose as shown in Table 3. These data are from batch 
in vitro rumen fermentations (Richardson et al., 1976). At the 
higher doses (similar to those used in practice), monensin causes 
an increase in propionate production and a decrease in acetate and 
butyrate production so that total VFA production is unchanged. At 
lower doses propionate production increased without a decrease 
in the production of acetate and butyrate. 
Analyses of rumen fluid from steers supplemented with monensin 
show increased molar ratios of propionate with no change in total 
VFA concentration (Table 4). 
In vivo production rates of propionic acid have been measured 
using isotope dilution techniques. These data show that propionate 
production, as well as pool size, is increased by feeding monensin 
(Table 5). Acetate pool size, as opposed to its molar percentage, 
does not decrease. Monensin has an inhibitory effect on lactic acid 
production that occurs as a result of excess soluble carbohydrate 
in the rumen, and may be useful in preventing lactic acidosis in 
cattle (Beede and Farlin, 1977; Dennis et al., 1981). 
As the ratios propionate/acetate, propionate/butyrate, or 
butyrate/acetate increase, the amount of methane produced per mole 
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Table 3. Effect of monensin on volatile fatty acid production 
in vitro^ 
Production 
Monensin Acetate Propionate Butyrate Total VFA 
ppm umol/ml' 
0 19.6 7.4 7.1 35.9 
.25 20.2 9.4** 6.9 38.3** 
1.0 19.1* 11.1** 6.3* 37.9** 
5.0 17.5** 11.2** 5.8** 35.7 
25.0 16.7** 12.5** 5.6** 35.8 
^Richardson et al., 1976. 
*Significantly different from 0 monensin, p<.05. 
Significantly different from 0 monensin, p<.01. 
Table 4. Effect of monensln on rumen volatile fatty acid concentrations 
Volatile fatty acld^ 
Monensln Type of diet Ac. Prop. But. Total VFA Reference 
•i mM 
30 g/ton 80% concentrate 51.4 36.1 7.6 100.3 Owens et al., 1979 
none 80% concentrate 62.2 22.0 9.7 94.4 
200 rag/day winter range 73.7 21.9 4.1 30.4 Lemeneager et al., 
none + SBOM 78.5 15.9 5.7 32.1 1978a 
200 mg/day greenchop 66.9 23.7 8.5 49.7 Potter et al., 1976 
+ supplement 70.2 19.2 9.7 53.2 
33 ppm 80% concentrate 48.2 41.1 7.0 76.0 Raun et al., 1976 
none 80% concentrate 50.3 36.9 8.5 83.8 
^Ac. = acetate, Prop. = propionate, and But. = Butyrate, 
Table 5. Effecl; of monensln on runien propionate production and propionate and acetate 
pool Bize in vivo 
Pool Size 
Diet Propionate production Propionate Acetate Reference 
moles/day 
High roughage 
High roughage + 
5.96 
8.91 
.432 
.764 
1.65 
2.40 
Van Maanen et 
1978 
al., 
High grain 
High grain + M 
6.90 
12.15 
.493 
.896 
1.46 
2.02 
Van Maanen et 
1978 
al., 
High roughage 
High roughage + M 
7.74 
11.18 
.960 
1.300 
3.57 
3.52 
Prange et al., , 1978 
^ = monensin supplement. 
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of hexose fermented must decrease (Wolin, 1960). Methane production 
decreases in lambs fed a 50% concentrate diet when monensin is 
supplemented at 10 or 20 mg/kg ration (Joyner et al., 1979). Monensin 
supplementation decreased methane production from 72.5 to 61.2 kcal/h 
on a low roughage diet and from 96.4 to 73.6 kcal/h on a more fibrous 
diet fed to steers (Thornton and Owens, 1981). Partial inhibition 
of methane production also has been noted in vitro, both in batch 
cultures when inoculum is from sheep adapted to monensin (Short 
et al., 1978) and in continuous cultures that have been incubated 
with monensin for over 10 days (Dinius et al., 1976; Slyter, 1979). 
Dichloroacetamide and amicloral are compounds that almost com­
pletely block methane production in vitro, with the accumulation 
of hydrogen and formic acid and a decreased acetate/propionate ratio 
(Chalupa et al., 1978; Slyter, 1979). These authors report that 
the monensin induced inhibition of methane production is less severe 
and is not accompanied by accumulation of formate or hydrogen. 
Addition of carbon dioxide and hydrogen restored monensin inhibited 
methane production, but addition of formate did not (Van Nevel and 
Demeyer, 1977). Monensin increased propionate production in cul­
tures inhibited from producing methane and simultaneously decreased 
hydrogen production (Slyter, 1979). Apparently, monensin decreases 
methane production as a result of a shift in fermentation patterns 
which redirects reducing equivalents to other pathways. Direct 
methane inhibitors decrease methane production which results in an 
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accumulation of reducing equivalents and a resultant shift in fermen­
tation products. 
Monensin, at normal concentrations, does not markedly inhibit 
the methanogenic bacteria, but it does select against Ruminococcus 
albus, ^  flavesciens and Butvrovibrio fibrosolvens (Chen and 
Wolin, 1979). Because these bacteria can form acetate, formate, and 
hydrogen, it seems likely that monensin reduces the substrates 
available for methane synthesis. Monensin does not select against 
Selenomonas ruminantium, S. amylolitica, or Megasphera elsdenii 
(Slyter and Kern, 1978). Bacteroides succinogenes and B. ruminocola 
can develop resistance to monensin. An increase in these five 
monensin tolerant species would result in increased production of 
succinate and its subsequent decarboxylation to propionate (Chen 
and Wolin, 1979). 
Monensin increases succinate dehydrogenase activity in adapted 
continuous in vitro cultures (Wallace et al., 1981). Isotope experi­
ments indicate that the aerylate pathway, as opposed to the succinate 
pathway, is the source of increased propionate production (Potter 
and Richardson, 1975). These conflicting results are difficult 
to reconcile. In addition, monensin suppresses lactate production 
as previously discussed, and lactyl-CoA is an intermediate of the 
aerylate pathway. 
When pure cultures of 45 different strains of rumen bacteria 
were incubated individually with monensin, there was no shift 
in the VFA patterns toward increased propionate (Slyter and Kern, 
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1978). It seems likely, therefore, that monensin alters the 
transfer of reducing equivalents among species of bacteria, which 
results in increased propionate. The exact mechanism, whereby 
reducing equivalents are redirected, is not known. Population 
shifts may be either a cause or effect, or likely both, of the 
shift in fermentation pattern caused by monensin. 
The effect of monensin on the fauna of the rumen is not clear. 
Although monensin is a coccidiostat, its effectiveness does not 
depend on the presence of coccidia in experimental animals (Potter 
et al., 1976). Monensin may decrease the number of protozoa in the 
rumen (Poos et al., 1979). Dinius and coworkers (1976) have 
reported no change in direct counts of either bacteria or protozoa 
in the rumen of cattle after monensin supplementation. Monensin 
is effective in increasing propionate production when administered 
to defaunated lambs (Richardson et al., 1978). 
Effects of monensin on rumen turnover and feed intake 
Owens et al. (1979) have reported a decrease in ruminai liquid 
turnover from 7.4%/h without monensin to 5.6%/h with monensin. 
Solid turnover was unchanged in their experiment. Workers in the 
same laboratory (Lemeneager et al., 1978b) have reported a 33% 
decrease in liquid turnover and a 44% decrease in solids turnover 
in pair fed steers on a range grass diet supplemented with monensin. 
Allen and Harrison (1979) reported dilution rates of 7.5%/h, which 
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decreased to 4.1%/h when sheep received monensin but intake was 
constant. Baile et al. (1979) reported no change in rumen 
motility or contractility when monensin was fed. 
Increased liquid turnover in the rumen favors acetate produc­
tion (Harrison et al., 1975; Rogers et al., 1979; Wallace et al., 
1981). It seems likely that monensin decreases liquid turnover 
rate, either by decreasing salivation or transepithelial flux of 
water or both. The reduced turnover may be either a cause or 
result of shifting fermentation patterns. Monensin increases 
propionate in batch in vitro cultures and in continuous fermenters 
where dilution rate is controlled. Therefore, a change in dilution 
rate probably is not the sole cause for increased propionate pro­
duction in vivo. The decreased dilution rate caused by monensin 
may further enhance the shift toward propionate production. Monen­
sin increases propionate production at high and low dilution rates 
in vitro (Wallace et al., 1981). 
Feed efficiency in producing animals is related directly to 
intake, with higher efficiency at higher intakes due to the fixed 
requirements of maintenance. As mentioned previously, monensin 
decreases dry matter intake. Several reasons for this decrease 
have been offered. If cattle are eating to meet their energy needs 
and monensin increases the amount of metabolizable energy in the 
feed, then intake should be decreased. This is probably the case 
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on high grain diets. On roughage diets rumen fill may limit 
intake. Based on information of rumen turnover it seems 
likely that monensin suppresses intake directly by increasing 
rumen retention time. Care must be taken in comparing fractional 
turnover rates because increased rumen volume would give a 
decreased fractional rate for the same actual flow. Changes in 
rumen turnover would seem too large to be attributed only to 
changes in rumen volume. 
Baile et al. (1979) have shown that cattle can learn to avoid 
feed containing monensin. The clues to this aversion were not 
identical for the premix and the pure monensin used. Learned 
avoidance does not seem important in doses of 30 mg/kg, the ratio 
achieved when monensin is mixed with a complete ration. When the 
depressed feed intake is relieved by use of elfazepam, normal in­
take and increased feed efficiency are obtained with monensin 
(Farlin and Baile, 1977). 
Effects of monensin on digestibility 
Dry matter digestibility and acid detergent fiber digestibility 
measured in vivo were not affected by monensin for cattle on range 
(Lemeneager et al., 1978a). A slight increase in digestibility was 
noted by Rust et al. (1979) for dry matter, organic matter, starch, 
and nitrogen, with steers fed a high concentrate diet. Poos et 
al. (1979) reported a decrease in digestibility of dry matter and 
acid detergent fiber when lambs on a concentrate diet received 
monensin. Nitrogen digestibility increased from 58.1% to 60.3% 
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when lambs fed a roughage diet received 20 mg/head of monensin 
daily. The effect of monensin on digestibility is variable with 
the most consistent finding being a slight increase in nitrogen 
digestibility. 
Cellulose fibers suspended in the rumen (Dinius et al., 1976) 
were not digested at different rates when monensin was included in 
the ration. The addition of monensin to batch, in vitro fermen­
tation flasks, decreased dry matter digestibility even when the 
innoculum was obtained from adapted cattle (Lemeneager et al., 
1978b). Monensin, at higher than practical amounts, decreased fiber 
digestion in continuous fermentors (Wallace et al., 1981). In these 
three publications, the time that the fiber was subjected to fermen­
tation was constant across treatments. Because monensin increases 
rumen transit time in vivo, it is quite likely that fiber digestion 
is not decreased even though the rate of digestion might be. 
Monensin does not have significant effects on the amount of 
digestible energy obtained from a ration. The slight increase in 
digestibility noted at times may be due to decreased intake and 
increased rumen retention times. 
Effects of monensin on protein metabolism in the rumen 
Several authors have suggested that monensin has a protein 
sparing effect. In a trial with 96 steers, Dartt et al. (1978) have 
shown that removal of soybean meal supplement decreased average 
daily gain anH feed efficiency more with rations that were monensin 
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free than with those containing monensin (Table 6). Gill et al. 
(1977) have sho^m that animals fed monensin rations show peak 
performance at lower protein percentages than unsupplemented animals 
(Table 7). 
Because monensin causes the same growth at lower intakes of 
feed and therefore lower intakes of protein, it improves the effi­
ciency of utilization of dietary protein. Various ways in which 
monensin could affect protein metabolism have been suggested. These 
include: 
- increased protein digestibility 
- decreased degradation and/or deamination of plant protein 
resulting in increased protein bypassing the rumen 
- decreased use of amino acids for gluconeogenesis in the 
liver or increased synthesis of non-essential amino acids, 
both due to increased available propionate 
As mentioned in the previous section, monensin may increase 
protein digestibility. However, when total nitrogen balances are 
conducted monensin often increases digestibility without increasing 
nitrogen balance. This has been shown for cattle in feedlots where 
nitrogen digestibility was 70.2% without and 72.6% with monensin 
while nitrogen retention was 32.6 g/day without and 29.6 g/day with 
monensin (Rust et al., 1979). 
In growing goats fed a low protein, 41% fescue hay diet, mon­
ensin increases nitrogen digestibility from 47.9% to 56.5% without 
changing nitrogen retention (Beede et al., 1978). A decrease in 
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Table 6. Effect of moneixsin on growth parameters for steers 
before and after protein withdrawal^ 
Diet Average Daily Gain Efficiency 
kg/day TDN/kg of gain 
Control ration + SBOM^ .81 7.02 
Control ration - SBOM .36 8.28 
Monensin ration + SBOM .87 5.86 
Monensin ration - SBOM .61 6.14 
^Dartt et al., 1978. 
^SBOM = Soybean oil meal protein supplement. 
Table 7. Effects of protein percentage and monensln supplementation on rate of gain 
of steers and on the metabollzable energy content of the diet® 
Percentage of protein 
10.5 11.2 12.3 
Monensln (mg/kg diet) 
33 0 33 0 33 0 
Gain (kg/day) 1.48 1.40 1.56 1.44 1.46 1.51 1.49 1.59 
Met. energy 3.37 3.22 3.43 3.22 3.43 3.31 3.37 3.49 
(Mcal/kg ration) 
Parameter 
9.5 
33 
®Gill et al., 1977. 
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nitrogen retention and an increase in urine nitrogen for lambs 
supplemented with monensin has been reported (Poos et al., 1979). 
Joyner et al. (1979) have shown an increase in nitrogen retention 
with lambs fed a 50% concentrate diet when it was supplemented 
with monensin. 
Nitrogen balance can be decreased, even as digestibility 
increases, due to decreased intake or increased urinary excretion 
of nitrogen. Monensin has been shown to increase blood urea concen­
trations with a wide range of diets (Raun et al., 1976; Potter et 
al., 1976; Perry et al., 1979). It is likely that monensin is 
changing nitrogen metabolism within the host animal, probably 
by altering substrate absorbed by the digestive tract. 
Whether monensin has a direct effect on liver metabolism or 
even extra hepatic tissue metabolism in normal application is 
uncertain. When radioactive monensin is introduced into the rumen, 
recovery of radioactivity in the feces is complete (Herberg et al., 
1978). Monensin is absorbed and metabolized in the liver and the 
majority of the metabolites excreted in the bile (Donoho et al., 
1978). Monensin does affect mammalian tissue in vitro (Pressman 
and Guyman, 1975) and large doses (ten times the recommended dose) 
can be toxic to cattle, apparently by disturbing cardiac function 
(Collins and McCrea, 1978). 
It is likely that monensin alters fermentation in the lower 
gut. Synthesis of microbial protein in the lower gut can increase 
fecal nitrogen while decreasing blood urea because blood urea can 
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supply ammonia for microbial protein synthesis. If monensin 
decreased protein synthesis in the lower gut, it could increase 
blood urea and decrease fecal nitrogen. The latter would be 
interpreted as increased nitrogen digestibility. 
The effects of monensin on rumen nitrogen metabolism have been 
investigated. Monensin decreases rumen ammonia concentration 
regardless of nitrogen source or energy density of the ration 
(Table 8). Monensin also decreases ammonia production in vitro, 
even when VFA production is not reduced (Van Nevel and Demeyer, 
1977) and when dry matter digestibility is increased (Tolbert et 
al., 1977). 
Ammonia concentration in the rumen is a function of : 
- rumen liquid volume 
- rate of ammonia absorption 
- rate of ammonia incorporation into microbial protein 
- rate of ammonia production primarily by degradation and 
deamination of plant and microbial protein and hydrolysis 
of urea 
The possible effects of monensin on rumen volume have been discussed 
already. It is difficult to assess the effects of monensin on 
ammonia absorption because no trans-portal studies have been conducted 
with monensin. Obviously, decreased ammonia concentrations seen 
in vitro are due to decreased production. The increase in blood 
and urine urea may indicate an increase in ammonia absorption. 
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Table 8. Effect of monensin on rumen ammonia concentration in vivo 
Conditions 
Rumen 
Control 
ammonia 
Monensin Reference 
High roughage 27 18 Perry et al., 1979 
Medium concentrate 21 12 Perry et al., 1979 
High roughage + AMCS 21 11 Perry et al., 1979 
Medium concentrate 
+ AMCS 15 15 Perry et al., 1979 
90% orchardgrass + urea 26 20 Dinius et al. , 1976 
80% concentrate 14 12 Owens et al.. 1979 
Roughage + SBOM 30 25 Oitjen et al. , 1977 
Roughage + protected SBOM 30 26 Oitjen et al. , 1977 
^AMCS = ammonia treated corn silage. 
^SBOM = Soybean oil meal protein supplement. 
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Increasing rumen pH increases ammonia absorption but monensin does 
not raise rumen pH markedly (Dinius et al., 1976; Oltjen et al., 
1977). 
Using non-adapted batch cultures in vitro, it has been shown 
that decreased ammonia production is accompanied by decreased 
microbial growth, decreased protein degradation, and an accumulation 
of alpha amino nitrogen (Van Nevel and Demeyer, 1977) and free 
amino acids (Tolbert et al., 1977). A decrease in ammonia and an 
increase in non-microbial, non-ammonia nitrogen was observed in 
semi-continuous cultures after adaptation to monensin (Short et 
al., 1978). Wallace et al. (1981), using long-term continuous in 
vitro fermentations, reported increased protease activity with in­
creased output of non-microbial alpha amino nitrogen. Output of 
microbial nitrogen was decreased slightly. 
The studies in the previous paragraph indicate a decrease in 
total deamination and a decrease in the rate of deamination compared 
to the rate of proteolysis. Herod et al. (1979) showed no decrease 
in microbial growth in batch culture when inoculum was from adapted 
animals, but his control flasks probably contained some monensin. 
Russel et al. (1981) showed an inhibition of Streptococcus bovis 
by monensin in vitro. This organism was a major protein degrading 
organism in that study. 
In vivo trials using steers with abomasal cannula show a monensin 
induced increase in passage of plant protein to the abomasum 
(Owens et al., 1979; Poos et al., 1979). This increased protein 
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bypass occurs during decreased rumen turnover. Therefore, there is 
a substantial decrease in the capability of rumen microbes to 
completely utilize plant protein, which agrees with the data 
obtained in vitro. 
Those bacteria that are propionate producers, and would be 
favored by monensin supplementation, are capable of protein 
deamination. Decreases in protein degradability probably would 
not be due simply to population shifts. 
Further support for monensin as a deaminase inhibitor is pro­
vided by the prevention of tryptophan conversion to 3-methy1-indole. 
This conversion is involved in bovine pulmonary edema and both the 
conversion and the disease are prevented by monensin (Hammond and 
Carlson, 1978). The conversion involves oxidative deamination of 
tryptophan to indoleacetic acid and subsequent decarboxylation to 
3-methyl-indole. The deamination is inhibited by both monensin and 
lasalocid, another ionophore (Hammond and Carlson, 1980). 
Smmnary of monensin effects 
The effects of monensin can be explained by its actions on the 
intralumenal environment where it changes the flow of reducing 
equivalents among bacterial species. Monensin increases propionate 
production in the rumen, which results in increased efficiency of 
conversion of digestible energy to metabolizable energy. Increasing 
the propionate available to the animal may have beneficial effects 
on protein metabolism, bone growth and reproduction. In addition. 
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monensin may have direct effects on host animal metabolism 
although these have not been studied in great detail. Monensin 
decreases rumen turnover by some unknown mechanism. The action 
of ionophores on rumen dilution rate, relative rates of VFA 
production, and digestion of various fractions of feeds, is 
complex but may yield useful information on basic concepts of 
ruminant metabolism. 
Monensin has a definite, perhaps independent, effect on protein 
degradation in the rumen. This effect may be important in increasing 
animal performance and is probably a partial explanation for the 
protein sparing effect attributed to monensin. 
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MATERIALS AND METHODS 
Trial 1 
Animal management and experimental design 
Two Holstein steers (no. 181 and 182) with initial weights of 
277 and 307 kg, were used in this trial. The steers were prepared 
with rumen fistulas according to Hecker (1969). Briefly, a 5 cm 
incision was made through the skin, abdominal muscles, and peritoneum 
and a section of rumen was exteriorized and fastened in a brass 
clamp. The clamp and necrotic rumen tissue were removed after 
approximately 10 days. At this time,a rubber cannula was fitted into 
the fistula and held in place by a metal collar and stoppered firmly 
with a number 6 1/2 rubber stopper. 
The steers were housed in separate, concrete floored pens with 
wood shavings for bedding. The steers were haltered and chained to 
the feed bunk with adequate freedom to move and lie down. Three 
days prior to the first isotope dilution experiment, steer 182 was 
deprived of bedding and placed on a rubber mat because he was 
eating shavings. Each pen was equipped with an automatic feeder 
(Heath, 1978) and a calibrated watering device. The watering device 
consisted of a 50-liter plastic carboy with a spigot. This carboy 
was calibrated in 2-liter increments and the spigot was attached to 
a standard watering bowl via a garden hose and the existing galva­
nized metal water pipe. The carboy was suspended 2 meters above 
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the watering bowl thus allowing passive flow of water to the watering 
bowl when the steer depressed the paddle. Water flow was slow 
enough to prevent wastage caused by splashing. A valve was inserted 
between the main water supply and the junction of the garden hose 
and the water pipe. When open, this valve allows the carboy to be 
filled and, when closed, it prevents unmetered water from entering 
the watering bowl. 
Each steer received 3140 g of chopped alfalfa and 1430 g of 
concentrate daily. The concentrate consisted of 91 kg cracked corn, 
3.2 kg trace mineralized salt, and 5 kg anhydrous NaHgPO^. The 
trace mineralized salt used first was from Carey Salt, Hutchinson, 
Kansas, but this was changed to salt from Morton Salt (Norton Norwich 
Products Inc., Chicago, 111.) in October 1980. The two salt mix­
tures were similar in composition except for zinc, which was .005% of 
the first salt mixture and .350% of the second. Monensin was added 
to the basal ration by replacing 75 g of NaH^PO^ with Rumensin 60 
premix (Blanco, Indianapolis, Ind.) in order to provide 150 mg of 
monensin daily. Each steer received both rations during the trial 
and thus served as its own control. The experimental design is 
outlined in Table 9. 
Each experimental series consisted of four different isotope 
dilution experiments conducted within 10 days but with at least 
1 day between experiments. Steers were fed the appropriate rations 
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Table 9. Experimental design for trial 1 
Steer Experimental 
series^ Diet First day of series 
181 A Control August 13, 1980 
181 B Monensin November 7, 1980 
182 A Control November 24, 1980 
182 B Monensin January 26, 1981 
^Each experimental series consisted of four isotope dilution 
experiments as described in the text. 
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for at least 21 days prior to the start of each experimental 
series. Starting at least 10 days prior to, and continuing through­
out the experimental series, the daily feed was given in 12 equal 
meals fed at 2-hour intervals. The steers had free access to water 
and water intake was recorded for the 7 days preceding the experi­
mental séries. At least 1 day before each experimental series, 12 
cm polyvinyl catheters were inserted into the left and right jugular 
veins. 
The four experiments comprising each series were: single injec-
14 
tions of C labeled acetate, propionate, and butyrate into the rumen, 
14 
and a continuous intravenous infusion of C labeled acetate. The 
total trial consisted of 16 isotope dilution experiments and these 
are designated by a code including steer no., the first letter of 
the labeled compound used, the route of administration (B for blood 
and R for rumen), and an A or B to designate whether this was the 
first or second experimental series for that steer. For example, 
series A for steer 181 consisted of the four isotope experiments; 
181ARA, ISIPRA, ISIBRA, and ISlABA. 
During each isotope experiment, each steer was on a rubber 
mat and was haltered in a stall approximately 2.5 m by 1 m. The 
steers were accustomed to people and were not agitated by performance 
of the experimental protocol. While in the stalls, the steers were 
fed equal-sized meals manually at 2-hour intervals. 
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Experimental protocol 
At least 2 hours prior to injection of isotope, a steer was 
placed in the stall and deprived of water. A primer dose of 70 g 
of polyethylene glycol (PEG, mw 4000, obtained from Sigma Chemical 
Co., St. Louis, MO) was dissolved in 275 ml of tap water and 
injected into the rumen, using the device to be described subsequently 
for injection of labeled acids. Immediately following primer injec­
tion, a 3% solution of PEG in tap water was infused into the rumen 
at a rate equivalent to the mean water intake for that steer for the 
week previous to the first isotope dilution experiment of the experi­
mental series. 
The infusion tube was connected with a Luer type fitting that 
attached to a blunt, 18 ga needle inserted through a no. 6 rubber 
stopper. The stopper sealed the rumen during infusion. The opposite 
end of the needle was attached to .069 inch inside diameter Tygon 
tubing (Norton Plastics, Akron, Ohio). The end of the Tygon tubing 
was knotted and small perforations were made in the distal end of 
the tubing. The tubing was attached to a steel rod, which also 
was inserted into the stopper, and this rod allowed insertion and 
maintenance of the perforated section of tubing below the hay layer 
of the rumen. The continuous infusion of the PEG solution was ad­
ministered using a peristaltic pump (model TM 10, Sigmamotor, 
Middleport, N.Y.) or, in later experiments, a reciprocating syringe 
pump (model 950, Harvard Apparatus Co., Dover, Mass.). Infusate 
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solutions were sampled in order to determine the exact concentra­
tion of the PEG solution infused. 
Rumen fluid was sampled, for determination of PEG concentration, 
at least three times at 30-minute intervals starting at least 6 hours 
after the PEG infustion started. Small samples (about 30 ml) were 
obtained from several locations in the rumen, pooled, and subsampled. 
The subsample (also about 30 ml) was mixed with 70 mg of mercuric 
chloride, centrifuged, and a portion of the supernatant frozen in 
a tightly capped vial. Throughout the experiment, all centrifugation 
was for 10 minutes in a model SSI centrifuge (Ivan Sorvall Inc., N.Y., 
N.Y.) supplied with 70 volts from a variable transformer (type 116 
Powerstat, the Superior Electric Co., Bristol, Conn.). 
Propionate experiments consisted of injecting approximately 
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250 yci of [1- C] propionate (ICN, Irvine, Calif.), dissolved in 
15% ethanol containing .1% formaldehyde, into the rumen. The isotope 
solution was sprayed into the rumen under the hay layer using a 50 
ml syringe connected to plastic tubing perforated at the distal 
end (Russell, 1981). The syringe was equipped with one-way valves 
to allow rinsing into the rumen, with water, without removal of the 
device. The dose was injected in approximately 40 seconds with an 
additional 90 seconds required for rinsing. The syringe device was 
moved during injection to assist in dispersal of isotope within the 
rumen. 
The exact dose of isotope injected always was determined. The 
infusate bottle was weighed when full and again after being emptied. 
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rinsed, and dried. The volume of infusate was determined from the 
mass of infusate by using the calculated density of the infusate 
solution. At least three aliquots of known volume were taken from 
the infusate solution prior to weighing. These aliquots were counted 
in Redi-Solv EP using an LS-8000 liquid scintillation spectrophoto­
meter (both from Beckman Instruments Inc., Fullerton, Calif.). 
The rumen was sampled, for determination of VFA specific activ­
ity, with a stainless steel probe equipped with a strainer on the 
distal end and a removable 50 ml syringe on the proximal end. 
The probe was maintained in the rumen throughout the experiment by 
inserting the shaft of the probe through the rubber stopper containing 
the PEG infusion tube. Rumen fluid samples of approximately 40 ml 
were taken and 30 ml were added to tubes containing 1 ml of saturated 
mercuric chloride. Rumen fluid samples were taken prior to isotope 
injection and at 10, 20, 30, 40, 50, 60, 90, 120, 150, 180, 210, and 
240 min after injection. The time of the sample corresponds to the 
time of mixing with the mercuric chloride, which was within one minute 
of actual sampling. The rumen fluid was centrifuged as described 
already. 
A portion of rumen fluid supernatant (usually 8 ml) was mixed 
with equal portions of .3 N Ba(0K)2 arid 5% ZnSO^, and centrifuged. 
The resulting protein-free supernatant was decanted into a tube 
containing 10 N NaOH (10 yl per ml of rumen fluid supernatant), mixed, 
centrifuged, and the final supernatant frozen for analysis for VFA 
specific activity. The remaining rumen fluid supernatant was frozen. 
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Blood was sampled through an extension catheter that was flushed 
between samples with sterile saline containing 20 units/ml of 
heparin. Blood was sampled at 30-minute intervals from 25 until 235 
min after injection. Each time 10 ml of blood was mixed gently with 
50 ul of heparin solution (5000 units/ml) and 150 pi of 4% NaF, and 
then centrifuged. A protein-free filtrate of plasma was prepared, 
for determination of glucose SA, by mixing equal volumes (usually 
3 ml) of plasma with .3 N Ba(0H)2 and 5% ZnSO^ solutions. The fil­
trates and remaining plasma were frozen in tightly capped vials. 
Rumen acetate injections consisted of injecting 700 uci of 
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[U- C] acetate (Amersham, Arlington Hts., 111.), dissolved in .01 N 
NaOH, into the rumen. The protocol was identical to rumen propionate 
injections except as follows. Rumen fluid was sampled at 20, 30, 
40, 60, 80, 100, 120, 160, 200, 240, 300, 360 and 420 min. Blood 
samples of 30 ml were taken every 30 min from 35 to 265 min and 
again at 325, 385 and 445 min. Regardless of the sampling schedule 
after labeling, all compartments in all experiments were sampled 
prior to labeling in order to determine background radioactivity. 
In 181ARA, 181BRA and 181ABA 20 ml of plasma was deproteinized 
as described for rumen fluid and lyophilized. In all other experi­
ments , plasma was frozen but was not deproteinized and lyophilized 
until just prior to chemical analysis, a time span of up to 1 year. 
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Butyrate injections consisted of 500 uci of [U- C] butyrate (ICN, 
Irvine, CA) dissolved in .01 N NaOH. The sampling protocol was 
identical to that described for rumen acetate injections. 
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Blood acetate infusions consisted of 300 pci of [U- C] acetate, 
dissolved in 900 ml sterile saline and infused into a jugular 
vein at a constant rate for 6 h. Hourly blood samples were taken 
from the opposite jugular catheter and processed as described for 
rumen acetate injections. Rumen samples were taken hourly and 
processed as described already. 
Chemical analyses 
Frozen protein-free filtrates of rumen fluid were lyophilized. 
The resulting solids were dissolved in 500 ul of .10 M NaH^PO^ buffer 
at pH 3.5 and acidified to pH less than 2 with 100 pi concentrated 
phosphoric acid. The resulting sample was a slightly yellow solution. 
Occasionally, addition of the phosphoric acid would solubilize some 
solids and/or cause immiscible droplets to form on the surface of 
the solution. 
In order to determine their specific activity, the volatile 
fatty acids (acetate, propionate, and butyrate) were separated using 
high pressure liquid chromatography (HPLC). Aliquots of samples 
(usually 45 yl) were injected using a Hamilton syringe and a model 
7120 injector (Rheodyne; Berkeley, CA). This type of injector 
(type 3) was found to give better resolution than the U6K (Waters), 
a type 2 injector. The samples were quite viscous and may have 
caused flow through the restriction tubing in the type 2 injector, 
which reduced resolution (Rheodyne, 1979). 
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The remaining chromatographic equipment consisted of a model 
6000A pump, a guard column, a radial compression module with a 10 
y C-18 cartridge and a model 660 pump programmer, all from Waters 
Associates, Milford, Mass. Detection was by UV absorbance at 210 
nm using a variable wavelength spectrophotometer with a flow-
through cell (model 55, Coleman Instrument Division of Perkin-Elmer, 
Oak Brook, 111.). The recorder was a two pen omni-scribe (Houston 
Instruments, Belaire, Tex.). 
Chromatographic conditions, modified from Bush et al. (1979), 
were isocratic 20% methanol/80% .01 M NaH^PO^ buffer, pH 3.5, at 
room temperature. Flow rate was programmed from 25 to 100% of 3.5 
ml/min using program 10 with the time set to 8 min. The flow program 
was started at the moment of injection. Retention time for butyrate, 
the last eluting acid of interest, was approximately 10 min. The 
cartridge was washed between samples, either with methanol followed 
by mobile phase or with mobile phase alone; the latter took longer 
but gave more consistent results. Washing was conducted by increasing 
the flow rate to the maximum flow attainable without exceeding 2000 
psi pressure at the pump outlet. Washing continued until a stable 
baseline was obtained. Total run time, including washing, varied 
upward from 20 min per sample, depending on the flow rates and the 
- solvent used. 
The quantity of acid was determined by peak height and external 
standard quantitation. Individual acids were collected manually in 
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scintillation vials, and complete collection of the detected acid 
was assumed. The eluent was dissolved in Redi-Solv EP scintillation 
cocktail and counted on an LS-8000 liquid scintillation spectrophotom­
eter (Beckman Inst, Inc., Fullerton, CA). Quenching was relatively 
constant for each acid when automatic quench correction was used but 
H number, a measure of quenching based on external standard, was used 
to determine the actual efficiency for each sample counted. The 
relationship between H number and efficiency was established using 
14 
quenched C standards. 
Rumen fluid PEG concentrations were determined according to 
Russell (1982). Molar ratios of the volatile fatty acids were 
determined by HPLC and also, for the zero time sample from each 
experiment, by gas chromatography (Supelco, 1975). Plasma glucose 
SA was determined after purification by ion exchange (Mills et al., 
1981). 
Plasma acetate SA was obtained as follows. Protein free fil­
trates, equivalent to 5 to 10 ml of plasma, were subjected to silicic 
acid chromatography (Ramsey, 1963) using 25% silicic acid and 75% 
Silicar CC 4 special (Mallinckrodt,St. Louis, MO). The acetate was 
eluted using, in sequence, 60 ml benzene, 100 ml chloroform and 100 
ml 1% tert-butanol in chloroform as described by Ramsey (1963). 
Four 15 ml fractions (175 through 235 ml) were made basic with 
ethanolic KOH and dried under forced air. The residue was dissolved 
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in mobile phase for HPLC as described for rumen fluid but with 
a final volume of less than 120 yl. Samples of 100 yl were 
chromatographed by HPLC as before but with a mobile phase of 5 g/l 
NH^H2P0^ at a constant flow rate of 3 ml/min. Acetate was quanti­
fied by integration using a Data Module (Waters Associates, Milford, 
Mass.)' Manual integration parameters used were; peak width = 
5, noise rejection = 2.5, and area rejection = 2000. The UV 
detector was set on the absorbance scale. Valley to valley baseline 
correction was used. Much less washing of the cartridge is required 
between these samples than is required between rumen samples because 
most of the later eluting peaks are removed during silicic acid 
chromotography. Total run time was less than 10 min per sample. 
After separation,acetate SA was determined as before, using the data 
from the silicic acid column fraction with the most acetate counts. 
Analysis of data 
All specific activities were calculated as dpm per ymole of 
carbon. Specific activity curves are called precursor curves 
when the sampled compartment is the labeled compartment and product 
curves when the sampled compartment is not the originally labeled 
compartment. Precursor curves from the single injection experiments 
(into the rumen) were fitted by linear regression of the natural 
logarithm of SA against time. If the curve showed distinct curvature, 
deviating from a monoexponential function, a biexponential function 
(Eq.. 1 in literature review with n=2) was fitted as follows. 
Natural log curves of SA vs. time were "peeled" (Jacquez, 1972) 
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to give estimates for the coefficients and exponents. These 
estimates gave a range of starting values that were then used to 
compute the best fitting equation using SAS PROC NLIN (Helwig and 
Council, 1979). Product curves for rumen acetate and butyrate also 
were fitted by "peeling" and using PROC NLIN but the equation used 
was: 
SA^ = H*e "Sl*t _ H*e"S2*t 
Contamination of labeled butyrate and acetate with labeled propionate, 
although small, was significant relative to the actual conversion 
of these acids to propionate in the rumen. Product pools for pro­
pionate therefore were not fitted. Because the propionate used was 
not uniformly labeled, no attempt was made to estimate the product 
r 14 
curves for butyrate and acetate when [1- C] propionate was injected 
into the rumen. 
The product curves for blood acetate, derived from rumen acetate 
or butyrate, showed steadily decreasing SA from the first sample 
(20 min after injection of label). This indicates that sampling 
began too late, so that fitting these curves would greatly under­
estimate the true area. Plateau SA for plasma acetate and rumen 
acetate and butyrate were estimated based on averaging at least three 
samples taken after 2 hours. 
Because of the limitations just discussed, and in light of the 
minimal contribution of either rumen propionate or plasma acetate 
to rumen acetate and butyrate, the following approach was used. 
Rumen acetate and butyrate were analyzed as an open, two compartment 
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system, based on techniques suggested by Gurpide et al. (1963), 
and Mann and Gurpide (1966). Such systems are solved using 
symmetrical matrices with dimensions equal to the number of 
compartments. These matrices derive from the differential 
equations that described changes in isotope content of the 
compartments. For single injection into a two compartment system, 
these equations are; 
# - - + fab'SA» 
3?^  • Fba « SA, - + Fat) * 
where: Qa is the amount of isotope in compartment A 
Integration of these equations from zero to infinity and 
dosing each of the two compartments in separate experiments, 
give Che following system of four equations (in matrix notation): 
-R^ 0 
-R 
-F 
aa ab 
^ba -•'bb 
where: R = the dose delivered into compartment A 
a 
4, 
a _ 
= the area under the SA curve for B when A is labeled 
F = the flow to A from B 
ab 
F = sum of exits from A (F + F ) or the sum of 
aa oa ba 
entries into A, (F + F ) 
ao ab 
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Columns in the R matrix have zero elements in the off-
diagonal positions whenever the isotope used does not contain traces 
of labeled metabolite of the other compartment. These elements 
need not be zero,: that is impure or combinations of labeled 
metabolites can be used. In order for a unique solution to exist, 
the R matrix must have an inverse. This is equivalent to saying that, 
if a combination of labeled metabolites is used, the ratio of the 
doses of labeled metabolites used in each experiment must be 
different. Using pure isotope greatly simplifies curve fitting 
because each curve will be either a precursor or a product curve 
and not a combination of both. 
The amount of cross contamination between the acetate and 
butyrate used in this trial (Table 10) was slight relative to the 
extensive interconversion of these acids in the rumen. The fitted 
product curves would be unaffected by these trace contaminants, 
especially because the function forces the curve through the origin. 
Therefore, off-diagonal elements of the dose matrix were set to 
zero. The doses were corrected by subtracting the radioactivity 
not attributable to the labeling acid. 
The A matrix is composed of the areas from the two precursor 
and two product curves obtained from a single experimental series. 
This matrix was inverted and premultiplied by the dose matrix to 
obtain the transfer rate matrix, using SAS PROC MATRIX (Helwig and 
Council, 1979). The remaining flows in the model (F , F, , F , 
30 &0 Oâ 
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14 
Table 10. Purity of C labeled volatile fatty acids used in 
trial 1 and trial 2^ 
Infused Percentage of injected DPM in: 
Acid Acetate Propionate Butyrate 
14 
Trial 1 [U- C] Acetate 97.11 1.44 .21 
14 [U- C] Butyrate .30 5.25 91.52 
14 
Trial 2 [U- C] Acetate 99.75 .14 .11 
14 [U- c] Butyrate .10 .00 99.90 
14 
[U- C] Propionate .00 99.98 .02 
^Compounds not listed in this table were assumed to be 100% 
pure. 
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anH F , ) were obtained algebraically by assuming steady state 
ob 
conditions of mass balance. 
Rumen propionate and plasma acetate irreversible loss were 
determined (Eq. 3b and 3c) and used as estimates of production 
rates. The percentage of rumen acetate and butyrate derived from 
plasma acetate (i.e., TQ) was calculated (see kinetics section of 
literature review), but the reverse TQ could not be calculated due 
to the late sampling of the plasma acetate after rumen acetate and 
butyrate were labeled. Pool sizes were calculated (Eq. 2) but 
these are subject to large errors where SA curves had to be fitted 
with biexponential equations. 
Rumen water turnover was calculated by dividing the infusion 
rate of PEG (g/day) by the average concentration(g/l). Steady state 
conditions for PEG concentration existed during sampling. The 
average coefficient of variation for PEG concentration within a 
single infusion, for 15 PEG infusions, was 3.3%. All statistical 
comparisons were paired students t (Steel and Torrie, 1960). 
Trial 2 
Animals and experimental design 
Two Holstein steers (nos. 8325 and 8327) with initial weights 
of 223 kg each were subjected simultaneously to the experimental 
protocol using a 2x2 Latin square design. Treatments and other 
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conditions were as in trial 1 except as noted. Each experimental 
series consisted of five isotope experiments for a total of 20 
experiments for trial 2. Labeled acetate, propionate and butyrate 
were injected into the rumen and labeled glucose and bicarbonate 
were injected into the venous blood. Experiments were coded as 
in trial 1 using G for glucose and C for bicarbonate. 
Experimental protocol 
Individual injection procedures were as follows. Rumen acetate, 
propionate and butyrate injections were as in trial 1 with these 
exceptions. The acetate dose was 580 yci and the butyrate dose was 
420 pci while the propionate dose was increased to 370 yci and 
14 
[U- C] propionate was used (ICN, Irvine, CA). All three labeled 
acids were purified using the HPLC methods already described. 
Purities of these isotopes are given in Table 10. These changes 
allowed interconversions of all three acids to be measured. 
Rumen sampling times were as described for rumen acetate injec­
tion in trial 1 with additional samples at 700 and 1230 min. Plasma 
was sampled for glucose SA at 30-minute intervals from 25 until 295 
min and at 355, 415, 700 and 1230 min after isotope injection. Blood 
was sampled for bicarbonate SA (Russell, 1981) at 15-minute intervals 
from 15 until 180 min and at 240, 295, 355, 415, 700 and 1230 min 
after injection. In order to determine background radioactivity, 
all compartments were sampled prior to isotope injection in all 
experiments. 
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Glucose experiments consisted of single injections, into the 
14 jugular vein, of 300 yci of [U- C] glucose ( ICN, Irvine, CA ) dis­
solved in sterile saline, into the jugular vein. Blood was sampled 
for bicarbonate as described for the rumen injections. Blood was 
sampled for plasma glucose SA at 15-minute intervals from 15 until 
90 min, and at 120, 150, 180, 210, 240, 265, 295, 355, 415, 700 and 
1230 min. Rumen fluid was sampled at 30-minute intervals until 180 
min, at 60-minute intervals until 420 min and at 700 and 1230 min. 
Bicarbonate injections consisted of intravenous injections of 930 
14 
pci of [ C] bicarbonate (Amersham, Arlington Hts. 111.) in a 
solution that was .1 M NaCl, .045 M NaHCO^ and .009 M NaOH. This 
solution is isotonic and insures that no radioactivity is lost as 
carbon dioxide prior to injection. The sampling schedule was the 
same for the glucose injection. 
Chemical analyses 
All samples were analyzed as in trial 1 with the following 
additions and modifications. Blood bicarbonate SA was measured 
according to Russell (1981) with the following modification. When 
2 ml of water was added, as specified in the procedure, the CO2 
counting solution would separate when temperatures decreased to less 
than 25°C. Use of only 1.25 ml of water gave counting solutions that 
were stable at temperatures between 16° and 27®C. When 1.5 ml of 
water was used, the solutions were stable at temperatures above 22°C. 
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Use of 1.75 ml of water gave results similar to using 2 ml. Because 
of these observations, the amount of water used was reduced from 2 
to 1.5 ml after the first few experiments. The amount of scintillation 
cocktail used was increased by •5 ml. All CO^ solutions were counted 
while in solution. 
The major ratios of the VFA were determined using the HPLC pro­
cedure described for trial 1. When the VFA molar ratios for different 
experiments within an experimental series were compared, the coeffi­
cient of variation among days within a series was greater when the 
rumen fluid samples were analyzed by HPLC than when the same samples 
were analyzed by GLC. In addition, the molar ratios were biased so 
that the ratios obtained by HPLC had a greater percentage of butyrate. 
When we started to rechromatograph these samples to further investi­
gate repeatability, we began to get "peak splitting". This "peak 
splitting" was a sharp valley located on the acetate peak and occurred 
with acetate standards as well as with rumen fluid samples. This 
splitting began immediately after a new batch of C-18 cartridges was 
put to use. To avoid "peak splitting", the mobile phase for the HPLC 
was changed to 5 g/1 buffer at pH 2.8. The "peak splitting" 
probably arises due to the presence of free silica groups present 
in the column support. Ammonium ions neutralize these free silica 
groups. The problem never occurred when the ammonium phosphate 
buffer was used. The flow rate was increased from 40% to 80% of 
8.0 ml/min in 4 min using program 9. 
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Under these buffer and flow conditions, the order of elution 
remained acetate, propionate, and then butyrate but butyrate eluted 
in less than 8 min. Although the propionate and butyrate peaks re­
mained well-resolved, they eluted in a larger volume of mobile.phase. 
The volumes of these fractions were greater than could be dissolved 
in the Redi-Solv EP. Therefore, these samples were counted as gels. 
The efficiencies of well-mixed gels and clear solutions were compared 
and found to be identical. The combination of eluent and scintil­
lation cocktail must be mixed by holding the capped scintillation 
vial horizontally and rotating gently. A vigorous shake will cause 
the gel to set; therefore, the gel should not be shaken until after 
thorough mixing. If the gel does not set, small amounts of water 
(500 |il aliquots) should be added and the process repeated. 
The cartridge was washed between samples by flushing with mobile 
phase at the highest rate attainable without exceeding 2000 psi of 
pressure at the pump outlet. Including the washing process, the 
run time is approximately 25 to 30 min per sample. Occasionally, 
this cartridge wash can be avoided and sample run time reduced, by 
using overlapping injections. There is usually a stable baseline 
shortly after butyrate elution that is disturbed by unidentified 
later eluting peaks. If the interval of quiesent .is sufficient 
(greater than 9 min), a second sample can be injected following 
collection of the butyrate from the first sample. Therefore, 
washing would be required only every two samples. If the later 
eluting samples do not extend beyond a certain time, it is 
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possible for samples to be injected repeatedly by establishing a 
time schedule to fit the current conditions. Under these ideal 
(and rare) conditions no washing is needed, except at the end of 
the day. 
The speed with which samples can be chromatographed is a major 
factor in the cost of experiments such as these. A cheap preparatory 
step that would eliminate the late eluting peaks would be very 
beneficial. Use of silicic acid columns, similar to those used for 
plasma acetate separation, could decrease chromatography time. 
Unfortunately, conventional silicic acid chromatography is very time 
consuming. Some sort of small column with a simple mobile phase 
would be useful. Commercially available miniature preparatory 
columns (Fluorasil and C-18 Sep-Paks, Waters Associates, Milford, 
Mass.) were tried in this study but did not reduce the late eluting 
peaks sufficiently. Silica Sep-Paks (Waters Associates) were not 
obtained for testing. Sephadex LH 20 resin has been used for VFA 
chromatography and might be useful in preparatory columns (Van Der 
Walt, 1977). 
Quantitation of acids separated by HPLC was by integration using 
a Data Module (Waters Associates, Milford, Mass.). The manual param­
eters used were: peak width = 15, noise rejection = 5.0, and area 
rejection = 40,000. The spectrophotometer scale was set on absor-
bance. A time events table (Table 11) was used to achieve accurate 
integration. 
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Table 11. Timed events used for HPLC analysis of rumen fluid in 
trial 2 
Time Event Reason 
(min) 
.10 
3.10 
valley to valley on 
valley to valley off 
use valley to valley baseline 
to correct for tailing solvent 
front 
3.11 
3.12 
3.13 
halve peak width 
halve noise rejection 
halve noise rejection 
increase sensitivity to detect 
small peaks near propionate 
4.10 
4.11 
4.12 
double peak width 
double noise rejection 
double noise rejection 
return sensitivity to starting 
values after elution of pro­
pionate 
7.50 double peak width insure return to baseline 
after elution of butyrate 
Galley to valley baseline correction was not used for 
standards. 
77 
All of the samples in trial 2 were chromatographed by the 
method used in trial 1. Samples from those experiments in which 
labeled VFA were injected into the rumen, were rechromatographed 
using the ammonium phosphate buffer procedure just described. All 
of the areas for the precursor curves had already been calculated 
using the data obtained from the methanol/sodium phosphate buffer 
chromatography. The areas for the precursor curves were compared 
and there was no apparent bias due to the chromatographic conditions 
used. Therefore, areas for the precursor curves obtained using both 
chromatographic methods were averaged for use in the final 
solution. The data for the secondary curves of propionate derived 
from acetate and butyrate, and of butyrate and acetate derived from 
propionate, had not been processed before the new chromatographic 
method was adopted. Due to the extensive manual and computer calcu­
lations times required to process these data, and because of the 
improved precision of the data obtained from the ammonium phosphate 
chromatography, only data from the ammonium phosphate chromatography 
were used to construct secondary curves for VFA derived from other 
VFA. The amount of label incorporated from plasma glucose or blood 
bicarbonate into VFA is quite small; therefore, the samples from 
experiments in which labeled glucose or bicarbonate were injected 
were not rechromatographed using the ammonium phosphate buffer. 
Instead, the values obtained from the original chromatography (20% 
methanol/80% sodium phosphate buffer) were used to calculate the 
area for VFA derived from glucose and bicarbonate. 
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Analysis of Data 
The areas for all 112 curves (five curves from each of 20 injec­
tion experiments plus the 12 curves from the duplicated chromatography) 
were determined using equations with up to three exponential terms. 
The primary purpose of fitting these curves was to obtain the most 
accurate measure of the area under each curve. The smallest number 
of exponential terms that accurately fit the observed SA values was 
used to fit each curve. The only other information extracted from 
the fitted equations were the coefficients for the glucose and bi­
carbonate precursor curves. These coefficients were required to 
calculate the pool size of glucose and bicarbonate. Certain 
pools received very little label during certain injections and these 
were fitted by hand and area was determined by counting squares. All 
areas, no matter how small, were measured and included in a 5 x 5 
matrix which is an expanded form of the 2x2 matrix used in trial 
1. 
The dose matrix was constructed so that columns pertaining to 
rumen acid injections contained non-zero elements for contaminating 
labeled VFA. The columns pertaining to the glucose and bicarbonate 
injections had four non-zero elements each. These matrices are 
included in Appendix A. The 5x5 transfer rate matrix was obtained 
and used to construct an open five compartment model for each 
steer by period combination. 
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Comparison of treatment means was by paired t test (Steel 
and Torrie, 1960). Correlations and corresponding significance 
levels were determined using SAS PROC CORR (Helwig and Council, 
1979). 
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RESULTS AND DISCUSSION 
Specific activity dilution curves for rumen propionate, obtained 
14 
after injections of [1- C] propionate, are generally monoexponential 
(Yost et al., 1977; Van Maanen et al., 1978). In trial 1 of the 
present study, three of the four propionate SA curves were definitely 
linear when plotted on a semi-log scale. The fourth plot was some­
what concave upward. Correlation coefficients for these plots, as 
well as other information obtained from graphical analysis for trial 1, 
are given in Appendix A. The monoexponential nature of these plots 
indicate that physical mixing of the isotope, when administered by 
the protocol described herein, is usually complete after 20 min. 
Also, these monoexponential plots indicate that any recycling of 
propionate carbon that occurs must be rapid enough to have little 
effect on the SA dilution curve after 20 min.. 
Rumen acetate and butyrate clearly exchange carbon (Table 1) 
and therefore must show multiexponential SA dilution curves. In 
both trials 1 and 2, all of the uniformly labeled VFA gave multi-
exponential curves on most occasions. The combination of variation 
in mixing and slow mixing of the rumen relative to rates of true 
chemical exchange, makes it difficult to differentiate physical 
and chemical recycling. Because of this difficulty, the exact 
nature of the initial portion of the SA curves is questionable. 
Total entry rate and pool size are both point estimates that are 
dependent on accurate estimation of the initial segment of these 
SA curves. Using sample injection experiments, values for TER and 
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pool size cannot be calculated accurately for compounds undergoing 
chemical recycling in the rumen and these values are not included 
in the present results. The areas under SA curves, which are used 
herein to calculate solutions to the models, are much less suscep­
tible to error caused by inaccurate interpretation of the early 
portion of the SA curve. 
In order to estimate the extent of recycling of carbon from 
the three major rumen VFA to other rumen constituents, the radio­
activities of deproteinized rumen fluid solutions used for injec­
tion into the HPLC were determined and compared to the radioactivity 
recovered from HPLC in the three major VFA. For 45 samples, taken 
from steers 8325 and 8327 between 80 and 240 min after dose admini­
stration, recovery of radioactivity was 97.2 + 5.1 (mean ± SD). 
Therefore, carbon recycling among the VFA studies and other rumen 
consitituents was probably unimportant. Because samples for HPLC 
injection are processed by protein precipitation, lyophilization, 
and acidification they will not contain the constitutents of rumen -
fluid. Therefore, other constituents could be involved in recycling 
from the three major rumen VFA. 
First, the unique aspects of trial 1 and trial 2 will be pre­
sented and discussed separately. Then the data on rumen VFA kinetics 
and rumen water turnover collected from trial 1 are reported and 
discussed in conjunction with similar data obtained in trial 2. 
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Trial 1 
This section deals with data obtained as a result of intra­
venous infusions of labeled acetate during trial 1. The two 
stage chromatographic separation of plasma acetate seemed to give 
a reasonably pure product. The acetate peak, obtained by monitoring 
the ultraviolet absorbance of the HPLC eluent, showed only very 
minor and occasional contamination. When present, the contamination 
was exhibited as a later eluting, fused peak or as a trailing tail 
on an otherwise normal acetate peak. Another peak was located regu­
larly between the solvent front and the acetate peak and was well-
separated from the acetate peak. This peak was not present when 
standard solutions of acetate were injected into the HPLC; this peak 
may represent a plasma metabolite that co-elutes with acetate from 
the silicic acid column or it may be simply an artifact of the silic­
ic acid chromatography. 
Each plasma acetate fraction eluted from the HPLC contained up 
to 2.0 "^mol of acetat' . The amount of acetate eluted was dependent 
upon which fraction from the silicic acid column was injected and 
also upon the efficiency of the silicic acid chromatography. Re­
covery of 1 pmol of acetic acid from 5 ml of plasma represents an 
overall recovery of about 30%, if plasma acetate concentration 
averages about .6 mM (Ramsey, 1963). Recovery could be increased 
by increasing the size of fractions collected from the silicic acid 
column or by pooling several fractions prior to injection into the 
HPLC. 
83 
Acetate fractions with less than .4 ymol or less than 20 dpm 
above background were not used in SA calculations. Plasma acetate 
SA ranged from 60 to 125 dpm/ymol for samples taken after 120 min 
14 
of [U- C] acetate infusion. The coefficient of variation for 
these samples, within an infusion, averaged 11% over all four in­
fusions. Such variation probably could be reduced by increasing the 
rate of infusion of labeled acetate so as to increase the plasma 
acetate SA, thereby increasing the sensitivity and accuracy of the 
assay. 
Plasma acetate IL was 58.9 and 56.2 mol carbon/day on the con­
trol diet and 80.3 and 78.4 mol carbon/day on the monensin diet. 
Monensin caused a significant increase in plasma acetate IL (p<.05) 
even though it tended to decrease rumen acetate production. These 
results, although statistically significant, are based on only two 
steers and therefore can be considered only as a preliminary indica­
tion that monensin increases plasma acetate irreversible loss. The 
average acetate IL for steers on the control diet (57.5 mol carbon/ 
day or 21.0 mg acetate/(min x kg*^^) is high relative to, but within 
the range of, values reported by Annison and Armstrong (1970). 
The major purpose of the acetate infusions into blood was to 
evaluate the amount of chemical recycling of rumen acetate carbon 
through plasma acetate. Actual flow rates between rumen and plasma 
acetate were not obtained because the sampling of plasma acetate, 
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when labeled acetate was injected into the rumen, began too late; 
this has already been discussed in the Materials and Methods. How­
ever, the percentage of rumen acetate derived from plasma acetate 
was measured. This TQ averaged 7.1%, with a standard deviation of 
1.5%, for the four acetate infusions. This transfer quotient for 
rumen acetate derived from plasma acetate represents the maximum 
value for recycling of rumen acetate carbon through plasma acetate. 
The actual recycling of rumen acetate carbon through plasma acetate 
carbon will be less than 7% because not all of the plasma acetate 
is derived from rumen acetate. This 7% transfer quotient does indi­
cate that there is a flow of carbon from plasma acetate to rumen 
acetate but it does not elucidate the nature of any intermediary 
compartments that may be involved. 
Trial 2 
The unique results obtained in trial 2 will be reported in 
this section. This trial was designed so that a five compartment 
model could be solved by stochastic analysis (Gurpide et al., 1963). 
The model includes the three major rumen VFA: acetate, propionate, 
and butyrate, as well as plasma glucose and blood bicarbonate. Thus, 
the solution of the model provides quantitative information on the 
major aspects of rumen fermentation and the subsequent metabolism 
of the rumen VFA. The effects of monensin on the two steers in this 
trial were not significant. Steer 8327 did not respond to monensin 
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supplementation by increasing propionate production. Although 
the reason for the absence of a monensin effect is not known, 
the result is that the effects of monensin on the system studied 
by the five compartment model remains problematic. However, 
measurement of the flows involved in this five compartment model 
gives considerable quantitative information that is not available 
in the literature. Therefore, results of all four experimental 
series (two steers receiving both treatments) have been combined 
to give the mean results (± SD) summarized in Figure 2. The standard 
deviations of these means include animal effects and any treatment 
effects that may exist, as well as random error. Values obtained 
from each of the four individual experimental series are included 
in Appendix B. Examples of specific activity curves used to cal­
culate the solutions to these five compartment models are given in 
Appendix C. 
The mathematical analysis used in the present study enables 
estimation of all possible flow rates among the five compartments 
in the model. Direct carbon transfer rates between rumen butyrate 
and propionate, and from plasma glucose to the rumen VFA, were 
essentially zero. The lack of interconversion of butyrate and pro­
pionate validates the model first proposed by Bergman et al. (1965). 
The direct interconversion of acetate and propionate is also very 
small and, if ignored, will cause only slight errors in estimates 
of individual rumen VFA production rates. 
Figure 2. Solution of the five compartment model from trial 2 
[Values are means ± SD for two steers each fed the control and 
the monensin supplemented rations. Transfer rates (arrows) are 
mol C/day and pool sizes (for glucose and COg) are mol C.] 
7.Oil.7 2.5±2.2 62.8±15.5 92.5 ±17.6 
0,4±0.2 
0.710.3 
2.8±1.1 
Glucose 
1.12+0,21 
10,9±3.4 
2.6±1,3 
^ . 3 ^ ± 1 . 3 5  
4.1+1,6 5.6+2 13.0+3 
,1±0.6 
Propionate 
0,3+0,1 
0,3+0,3 Acetate 
2 .0+1 ,0  
2.2+0.7 Butyrate 
7,2±3.1 +1.5+1.1 18.5+2.8 +5.2+1.9 7,2±3.1 1.0+0. 
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Some carbon exchange occurs among the VFA through the blood 
bicarbonate compartment. The rates of VFA carbon flow to bicarbon­
ate are slow relative to the total turnover of bicarbonate. There­
fore, even though a significant fraction of the propionate com­
partment is derived from bicarbonate, the propionate compartment 
will not be labeled markedly by acetate and butyrate. For example, 
flux from acetate to propionate through bicarbonate is only .15 
mol carbon/day i.e., [(13 x l.l)/96.5 = .15]. Because of this ex­
tensive dilution of labeled carbon in the blood bicarbonate compart­
ment, recycling of carbon for any rumen VFA through blood bicarbon­
ate will not be a significant portion of the total recycling for 
that VFA. Based on the results presented in Figure 2, it is 
reasonable to model rumen VFA kinetics by considering rumen pro­
pionate to be a single compartment separate from acetate and butyrate, 
which form a two compartment system. 
Propionate conversion to glucose accounted for about one third 
of propionate production. Similar results (34%) have been reported 
previously for sheep (Van Der Walt, 1978). The majority of the re­
maining propionate is oxidized to COg. During the conversion of 
14 
[U- C] propionate to glucose, at least one sixth of the label is 
lost due to decarboxylation of oxaloacetate. Therefore, the transfer 
rate for propionate to bicarbonate overestimates true propionate 
oxidation. A better estimate would be 3.6 mol C/day i.e., [4.1 -
(2.8/6) = 3.6]. Even this value is an overestimate of propionate 
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oxidation through acetyl-CoA. Propionate can cycle repeatedly 
through the tri-carboxylic acid cycle, release labeled carbon, 
and still form glucose. In this case, although the CO2 carbon 
is derived from acetyl-CoA, propionate labels CO^ instead of 
glucose. That this occurred to some extent is evident because 
of the small, but definite, flux of carbon from acetate and butyrate 
to glucose. These transfer rates cannot represent true synthesis 
based on currently accepted metabolic pathways. Further discussion 
of the effect of carbon cycling in the tri-carboxylic acid cycle on 
measured transfer rates can be found in Thompson (1971) and in 
Wiltrout and Satter (1972). 
Total glucose production (F^^) was 13.5 mol C/day. Only 20% 
(2.8 mol C/day) of this glucose production was derived directly from 
propionate whereas 52% (7.0 mol C/day) was derived from compartments 
not included in the model. Because only small amounts of glucose 
are absorbed from the gut on high roughage diets (Otchere et al., 
1974), the majority of the latter 52% of glucose entry must derive 
from gluconeogenic amino acids absorbed from dietary proteins or 
released from body protein. 
In a steer at maintenance, the maximum amount of protein 
available for glucose synthesis will be equal to the digestible 
protein intake. Assuming 11% and 7% digestible protein in alfalfa 
and corn on an as fed basis, total digestible protein intake was 
450 g/day. Assuming 58 g of glucose is derived from every 100 g of 
protein, the digestible protein intake was sufficient to synthesize 
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260 g of glucose or 8.7 moles of glucose carbon. Rapidly 
turning over gluconeogenic amino acids derived from propionate 
may form part of the propionate to glucose flux. Some of the 
less labile body proteins releasing amino acids to form glucose 
may have been originally synthesized from unlabeled propionate 
carbon. 
The remaining 27% of glucose production (3.7 mol C/day) 
was derived from bicarbonate, acetate, and butyrate. This 27% 
actually represents dilution of true glucose precursor carbon be­
cause bicarbonate, acetate, and butyrate are not net contributors 
to glucose synthesis. Bicarbonate is incorporated into glucose 
due to carboxylation of propionyl-CoA and pyruvate. Neither of 
these reactions provides a net contribution to glucose carbon because 
of subsequent decarboxylation of oxaloacetate to phospo-enol-pyruvate-
Therefore, bicarbonate dilutes glucose precursors that first form 
pyruvate (e.g., alanine and lactate) as well as propionate. Bi­
carbonate will not dilute carbon from those glucose precursors that 
enter glucogenic pathways without carboxylation (e.g., glycerol, 
glutamate, and aspartate). The incorporation of bicarbonate 
into glucose will bias measurements of relative contributions 
of glucose precursors. Conversely, the relative contributions 
of these precursors to glucose will affect the rate of bicarbonate 
incorporation into glucose. 
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The percentage of glucose derived from propionate (TQ) has 
been reported in the literature. The TQ obtained in the present 
experiment was 22% (SD = 8%), which is slightly larger than the 
value of 20% calculated using flow rates. The difference is due 
to flow of propionate carbon to glucose through acetate and bicar­
bonate. This difference is small because of rapid bicarbonate 
production and because of slow conversion of propionate to acetate 
and of acetate to glucose. 
Wiltrout and Satter (1972) reported a TQ (glucose from pro­
pionate) of 32% for non-lactating cows. A TQ of 27% has been reported 
for sheep (Bergman et al., 1966). Van Der Walt (1978) reported 
values that averaged 31%. All three of these published TQ were 
14 
obtained using [2- C] propionate. 
The number one carbon of propionate is more labile than the 
remaining carbons (Leng et al., 1967). This lability can be seen 
14 
by comparing the 22% TQ obtained in trial 2 using, [U- C] propion-
r 14 
ate, with the mean value of 7% obtained in trial 1 using [1- C] 
propionate (Appendix A). In light of these differences, the TQ ob­
tained with [U-^^C] propionate should be somewhat less than that 
obtained with [2-^^c] propionate. The results obtained in the pres­
ent study are in good agreement with the results published pre­
viously. Leng et al. (1967) measured the glucose from propionate 
14 
TQ with [U- C] propionate and reported a value of 54%, which is 
greater than the other published values for this TQ. 
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Exit rates of carbon from glucose and VFA to the outside are 
small relative to rates of oxidation of these substances to CO^. 
These exit rates represent synthesis of body compounds that are not 
rapidly oxidized to COg- Therefore, they represent a fraction of 
tissue turnover as well as ne" body growth. Alternatively, a 
fraction of the metabolite oxidized to CO2 is no doubt used to syn­
thesize labile body compounds that are oxidized subsequently. As 
an example, consider the rate of propionate conversion to aspartate. 
If the amino acid is incorporated into a labile protein and subse­
quently oxidized, then the conversion is part of the propionate 
to bicarbonate flow rate. If, however, the aspartate is used to 
synthesize a more stable protein, then the conversion may be 
included in the flow rate of propionate to the outside. This more 
stable protein could represent either net protein deposition or 
replacement of slowly turning over protein. 
Regardless of the intensity of tissue turnover, all net synthe­
sis from the released metabolites will be included in flow from each 
of these metabolites to the outside. If all of the acetate and 
butyrate flux to the outside consisted of net synthesis of fatty 
acid, it would result in less than 100 g of lipid per day. If all 
of the glucose and propionate flux to the outside was net synthesis 
of protein, it could account for approximately 100 g of amino acids. 
Assuming adipose lipid is associated with an additional 20% of its 
weight as water and body protein with an additional 40% water, the 
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weight as water and body protein with an additional 400% water, the 
maximum daily gain of the steer would be approximately 620 g. The 
actual growth rate did not exceed this limit. Predicted growth 
rate for a 235 kg bull on the ration used for these trials would 
be approximately 550 g/day as predicted from estimated feed quality 
and nutrient requirements (NRC, 1978). 
COg arises from fermentation as well as from oxidation. The 
following equations depict the fermentation pattern necessary to 
produce acetate, propionate, and butyrate at the measured rates. 
9.35 H^O + 4.68 > 9.35 C2H^02 + 9.35 COg + 18.70 H2 
2.40 Hg + 1.20 > 2.40 C^HgOg + 2.40 H2O 
1.80 CgH^2°6 ^ 1.80 C^HgOg + 3.60 COg + 3.60 Hg 
19.94 H2 + 4.98 COn > 4.98 CH^ + 8.97 HgP 
7.68 CgHj^2°6 ^ 9-35 + 2.40 + 1.80 C^HgOg + 
7.97 COg + 4.98 CH^ + 3.00 H2O 
Combining the 7.97 moles of CO2 produced in fermentation with the 
transfer rates of the four metabolites to CO2 from Figure 2, gives 
a total of 41.9 moles of CO2 produced. Therefore, only 44% of the 
CO2 carbon is accounted for. Two possible sources for the remaining 
CO2 carbon are: absorbed amino acids and amino acids released from 
body protein, and body compounds which were synthesized from ruminai 
VFA or plasma glucose. A portion of the 450 g of daily digestible 
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protein intake is probably used in the synthesis of about 6 moles 
of glucose carbon per day. Thus, approximately 150 g of amino 
acid carbon is available for oxidation to CO2; an amount sufficient 
to produce 13 moles of CO2. Flows from VFA and glucose to the out­
side totaled 10 moles of carbon. If there was absolutely no 
net synthesis of body tissue, all of the.se sources combined could 
account for only an additional 23 moles of COg. Therefore, a mini­
mum of 40 moles/day of COg turnover remains unaccounted for. Ex­
change with atmospheric CO^ may account for an additional fraction 
of the CO2 entry but partial pressure of atmospheric CO^ is low. 
The CO2 data imply that body constituents were oxidized with­
out passing through the compartments investigated. Plasma acetate 
turnover, measured in trial 1, was more than twice as great as the 
ruminai production of acetate measured in this trial as well as in 
trial 1. Taken together, the plasma acetate and blood CO^ data 
indicate a mobilization through plasma acetate, and subsequent 
oxidation to COg of up to 23 moles of carbon from body tissue. This 
plasma acetate oxidation is of the same magnitude as oxidation of 
ruminai VFA. Thus, endogenous acetate metabolism, compared to 
ruminai acetate supply, seems to be more important in these steers 
than has been reported previously for non-lactating ruminants 
(Pethick et al., 1981; Bergman and Wolff, 1971). Endogenous acetate 
production versus ruminai acetate supply was more on the order of 
that reported for lactating ruminants (Baird et al., 1975; Costa et 
al., 1976). 
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Blood carbonate transfer to rumen acetate was very slow, 
accounting for less than 2% of the rumen acetate. Because plasma 
acetate accounted for 7% of rumen acetate it is clear that the path­
way for plasma acetate to rumen acetate must be more than oxidation 
of plasma acetate followed by CO^ incorporation into rumen acetate. 
The transfer may represent a direct equilibration of plasma acetate 
across the rumen epithelium even though net flow is in the opposite 
direction. 
Glucose IL and TER averaged (± SD) 13.0 ±- 3.5 and 20.9 ± 6.9 mol 
C/day or 390 and 627 g glucose per day. These rates are considerably 
lower than rates obtained previously in this laboratory (Van Maanen 
et al., 1978) when feeding the same ration. The value for IL is 
similar to the average of 436 g glucose/day obtained with 12, 30-
hour continuous infusions conducted under identical conditions using 
the control diet (Armentano et al., 1980). The reason for the dis­
crepancy between the recent values and those obtained previously 
in this laboratory is not known. The lower, more recent estimates 
were obtained by using a very specific ion exchange method to deter­
mine glucose specific activity (Mills et al., 1981). 
Bicarbonate IL and TER averaged (i SD) 93.3 ± 17.4 and 172.4 ± 
47.1 mol/day. For both bicarbonate and glucose, the TER exceeded 
the total transfer rate (F\^). This discrepancy demonstrates the 
existence of recycling, either chemical or physical, from these 
compartments to other compartments not included in the model. 
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Combined Results of Trial 1 and Trial 2 
The molar percentages of the rumen VFA were determined, by 
high pressure liquid chromatography, for all rumen fluid samples 
from those experiments in which labeled VFA were injected into the 
rumen. In addition, zero time samples from the 16 experiments with 
steers 181 and 182, and the zero time and the last sample from each 
of the 20 experiments conducted with steers 8325 and 8327, were 
analyzed by gas liquid chromatography. This additional chromatography 
was conducted both to verify the molar percentages obtained with 
HPLC and in order to determine the variability of VFA molar ratios 
within an experimental series. Because all of the samples from a 
series were analyzed on the same day, using GLC, the actual biologi­
cal variation was not confounded by day to day chromatographic 
variation. The biological variation for a steer within an experi­
mental series was low, as can be seen from the small standard errors 
for the GLC analysis in Table 12. HPLC gave standard errors just 
as small as those obtained by GLC but the HPLC means were based 
on a greater number of samples. Based on the repeatability of the 
VFA molar ratios, it is quite acceptable to combine results obtained 
from separate experiments within a series for any one steer, as is 
necessary for the solution of multicompartmental models by the 
method employed in this dissertation. 
Day to day variation of the high pressure liquid chromatography 
results was measured by injection of a given rumen fluid sample on 
16 separate days. The coefficients of variation for the percentages 
Table 12. Effects of monensln on VFA molar percentages measured by gas-liquid and high 
pressure liquid chromatography 
Type of VFA molar percentage^ 
chroma- Control 
Steer tography Acetate Propionate Butyrate n Acetate Propionate Bùtyrate n 
181 
b 
GLC 71. 5±. 75 17.0±. 23 11.6+.76 4 72.3±.44 17.2±. 45 10.6+.13 4 
HPLC^ 71. 1+. 48 18.4±. 22 10.5+.29 37 72.6+.60 18.]±. 43 9.3+.21 37 
182 GLC 72. 0±. 52 16.0±. 37 12.0±.69 4 69.4+2.1 19.6±. 37 11.0±.16 3 
HPLC 77. 9±. 39 14.2±. 25 7.90+.21 38 72.5+.35 19.4±. 30 8.1+.14 35 
8325 GLC 71. 9±. 21 15.8:1. 38 12.3+.37 6 70.61.32 19.5±. 29 10.11.42 7 
HPLC 74. 7±. 88 14.4±. 34 10.9i.57 41 69.6±.26 19.4+. 17 11.01.19 45 
8327 GLC 75. 8±. 30 15.4:t. 28 8.8±.44 8 73.4+.25 17.3±. 28 9.31.20 7 
HPLC 75. 1±. 33 15.3±. 28 9.5+.22 45 74.1+.63 16.3±. 36 9.51.36 42 
Mean GLC 72. 8 16.1* 11.2 71.4 18.4* 10.3 
HPLC 74. 7 15.6 9.7 72.2 18.3 9.5 
^ean percentage (± standard error) for n samples. 
b 
GLC = gas liquid chromatography. 
'^HPLC == high pressure liquid chromatography. 
Means differ significantly from similarly marked means within the row, p<.10. 
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of acetate, propionate, and butyrate were 2.2%, 4.6%, and 9.4%. 
These results were obtained using the ammonium phosphate buffer. 
The estimates for the molar percentages of the VFA differed 
slightly between GLC and HPLC, but the difference was not statis­
tically significant. HPLC gave a smaller estimate for butyrate 
concentration than did GLC. Both methods showed an increase in 
the molar percentage of propionate in response to monensin supple­
mentation. This increase was significant at p<.10 for the GLC 
results. 
Mean production rates for the VFA, on the control and monensin 
diets, are given in Figure 3; these rates are means of rates obtained 
in trial 1 and trial 2. Solutions obtained for individual steers 
are in Appendix B. In order to average the rates from trial 1 with 
those from trial 2, the rates from trial 2 had to be converted to 
those obtained by the less complex model illustrated in Figure 3. 
This was accomplished by calculating a new flow to the outside for 
each VFA (F , F , F , ). These new flow rates were calculated by 
oa op' ob 
adding the corresponding exit rates from the five compartment solu­
tion. As an example, the F^^ for use in the mean results of Figure 
3, was calculated by summing the flows from propionate to the out­
side. to glucose, and to CO^ (F . F , and F ). / op' gp' cp 
Monensin tended to reduce F (acetate production) and F and 
op ao 
to increase F^^ (propionate production). These differences were not 
Propionate 
8.5±4.1 
10.7±3.8 op 
1 7 , 7 ± i i . l  
15.5±3.6 ao 
18,3+3.7 
15.6±3.5 oa 
ba 
ab 
bo 
6,6±3,4 
7.8+2.3 
1.7±0.8 
2.5+0.5 
Acetate 
2.4+1.2 
2.5±0.5 
Butyrate 
F ob 
5.9+2.8 
7.8±2.2 
3. Solution of the simplified model for rumen VFA kinetics 
• [Values are means ± SD ( mol C/day ) for four steers. The upper mean 
of each pair is for the control diet and the lower mean is for the 
monensin diet.] 
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significant because monensin did not increase propionate production 
in steer 8327. That monensin increases propionate production is 
well-established (Prange et al., 1978; Herbein et al., 1978) and 
the data from steers 181, 182 and 8325 support this conclusion. 
When data from just these three steers are analyzed, decreases 
by 4.3 mol C/day (p<.05), decreases by 3.4 mol C/day (p<.05), 
and F^p increases by 3.4 mol C/day (p<.05) when monensin is added 
to the diet. None of the other transfer rates showed significant 
changes but Fy^ and F^^ tended to increase with monensin supplemen­
tation. The net rumen fermentation reactions for these three steers 
are: 
control: 7.3 CgH^2°6 ^ 9.6 €28^02 +2.5 038^02 + 
1.3 C^Hg02 + 7.4 CO + 4.8 CH^ + 
2.6 H2O 
monensin: 7.5 ^^11^205 > 7.5 C2H^02 + 3.6 0^5^02 + 
2.0 C^Hg02 + 7.7 CO2 + 3.9 CK^ + 
3.8 H2O 
Based on the molar heats of combustion for hexose (670 kcal/mol) and 
for methane (213 kcal/mol), rumen fermentation was 79.1% efficient on 
the control diet and 83.5% efficient on the monensin supplemented 
diet. Therefore, monensin increased rumen fermentation efficiency 
by 5.6%. This increase is similar to the increases in efficiency 
reported in feeding trials previously reviewed. 
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The total hexose fermented (mean of four steers ± SD) was 7.5 
± .5 mol hexose/day for the control and 7.5 -± .7 mol hexose/day for 
the monensin treatments; (hexose fermented = (F + F ) /2 + F, ) . 
ao po' bo 
The total amount of hexose fermented was nearly constant both within, 
and between, treatments. This shows that, while the rates of pro­
duction for the individual VFA varied, the total fermentation of 
hexose to VFA was almost constant. It is interesting to note that, 
although the amount of hexose fermented did not vary a great deal, 
hexose fermented was positively correlated with butyrate production 
(Fob) with r = .82 (p<.05). 
That the pattern of VFA production is readily altered while 
total fermentation remains constant can be seen in Figure 4. This 
figure demonstrates a strong, inverse relationship between production 
of acetate carbon and propionate carbon (r = -.935). This relation­
ship occurred over inherent variability, as well as over changes in 
VFA production due to monensin supplementation. 
If each hexose molecule was diverted from acetate production to 
propionate production, the slope of the regression in Figure 4 would 
be -1.5. However, the slope is actually -.98. The difference is 
due to the positive correlation between propionate and butyrate pro­
duction (r = .68). Approximately one third of the hexose diverted 
from acetate production is used for butyrate production instead 
of propionate production. The relationship between butyrate pro­
duction and acetate or propionate production was statistically 
significant at p<.10. 
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Figure.4. .Regression of rumen propionate production on rumen acetate production 
[Propionate carbon produced = 26.3 - .982 Acetate carbon produced (r = 
-.935). Open circles are for control diets and close circles are for 
monensin diets.] 
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The calculated amount of hexose fermented (7.5 moles) is 
equivalent to 1.5 kg of carbohydrate polymer. This represents 
approximately 60% of the digestible dry matter intake of these 
steers (assuming 60% digestibility and 90% dry matter). Assuming 
that ash, protein, and ether extract combined contribute 20% to the 
digestible dry matter leaves an additional 20% of the fermentable 
organic matter unaccounted for. Some of the carbon may be used for 
microbial protein synthesis. A portion may be absorbed from the 
small intestine (Otchere et al., 1974) and a fraction will be fer­
mented and absorbed from the lower gut (Faichney, 1969). Although 
these processes probably do not entirely account for all of the 
remaining 20%, they would account for much of it. It is quite clear 
from these rough calculations that the estimate of hexose fermented, 
and therefore VFA produced, is a reasonable one. 
Because only the three major VFA were studied, it is possible 
that total hexose fermented was underestimated. A large portion of 
the branched chain fatty acids arise from degradation of amino acids 
in the rumen (Allison, 1970), however, so that production of these 
acids need not be considered in estimating the amount of hexose 
fermented. 
Recent evidence indicates that the number one carbon of pro­
pionate undergoes much more extensive equilibration with rumen bicar­
bonate than the other propionate carbons. This equilibration not 
only increases estimates of propionate recycling, it also causes the 
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irreversible loss of the one carbon of propionate to exceed the 
irreversible loss of the other propionate carbons (Mayes et al., 
1980). Therefore, measurement of propionate XL will be affected 
by the position of the label within propionate. The highest rate 
14 
will be obtained with [1- C] propionate, intermediate rates with 
14 14 [U- C] propionate, and the lowest rates with [2- C] propionate or 
14 
[3- C] propionate. In the present study, average propionate XL 
14 (± SD) were 10.8 ±4.2 and 8.6 ± 3.6 when measured with [1- C] 
14 
propionate and [U- C] propionate. Xn addition, the flow of blood 
bicarbonate to rumen propionate reported in Figure 2 is probably 
entirely through rumen bicarbonate. The data from the present study 
lend support to the conclusions of Mayes et al. (1980). 
Another recent report (Rowe et al., 1981) indicates that the 
extent of equilibration of the number one carbon of propionate with 
rumen bicarbonate is greater when monensin is included in the diet. 
Some support for this greater equilibration is provided in trial 2 
of the present study, in which the flow from blood bicarbonate to 
rumen propionate was .82 and 1.45 mol C/day for the control and 
monensin diets. Therefore, part of the increase in propionate pro­
duction that has been attributed to monensin in the present study, 
as well as previous studies (Herbein et al., 1978, Frange et al., 
1978), seems to be due to greater equilibration with rumen bicar­
bonate and the increased amount or propionate made available by 
monensin probably has been overestimated. Any overestimation is 
14 
less for trial 2 in the present study because [U- C] propionate 
was used. 
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The equilibration of propionate with rumen bicarbonate does not 
affect the interpretation of the rates obtained for rumen acetate 
and butyrate. Even if in vivo estimates have overestimated the 
monensin effect, the evidence in the literature for increased pro­
pionate production as a result of monensin supplementation, is over­
whelming. Based on all of the available evidence on monensin, the 
best interpretation of the results of the present study is that 
monensin decreases acetate production, does not affect the total 
hexose fermented in the rumen, and increases rumen propionate pro­
duction. 
The effects of monensin on voluntary water intake and rumen 
liquid turnover, reported in Table 13, were not significant. Also, 
included in this table are the average rates of water infusion into 
the rumen during the isotope experiments. These rates deviated only 
slightly from voluntary water intakes. The liquid turnover reported 
is an actual flow rate and not a fractional rate. Rumen volume, 
which was not determined in this study, may increase slightly with 
monensin supplementation (Prange et al., 1978). An increase in 
rumen volume with no change in actual liquid flow would give a 
decrease in fractional turnover rate. Decreased fractional turnover 
rates resulting from monensin supplementation, have been reported 
(Owens et al., 1979; Allen and Harrison, 1979; Lemeneager et al., 
1978b). It is doubtful that rumen volume in the present study 
Table 13. Effects of monensin on water intake and rumen liquid turnover 
Steer Ad lib water intake^ Water infusion rate^ Rumen turnover^ 
Control Monensin Control Monensin Control Monensin 
liter/day 
8325 52 48 50+4.8 43±.9 55±6.4 54+3.5 
8327 16 19 17.2±0 IBil.O 29+1.4 28±.3 
181 30 20 25.6±1.6 17 + .3 60+6.2 35+5.2 
182 18 17.5 17.6±0 16±.l 25±4.1 28±4.8 
^Mean for seven days preceding the experimental period. 
^Mean (± SD) of at least two infusions. 
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increased enough to have caused depressions in fractional turnover 
rate as large as those reported in the three references just mentioned. 
Even with no treatment effect on liquid turnover, there was a 
great deal of variation among steers for this parameter. Fractional 
dilution rates have been shown to be positively correlated to acetate 
concentration and production in the rumen (Harrison et al., 1975; 
Rogers et al., 1979). However, in the present study, no significant 
correlation was found between liquid turnover and any of the transfer 
rates measured. 
General Discussion 
Usefulness of multi-compartmental models 
Solutions to multi-compartmental models can be very useful in 
the integration of nutrition, physiology and biochemistry. The 
stochastic approach used in tte present study requires less abstrac­
tion of data and relies upon more stable mathematical techniques 
than does modeling by strict compartimentai analysis or by simulation 
techniques. The stochastic approach provides unique results, even 
though translation of those results into physiologically meaningful 
rates is not always possible. 
Major drawbacks to the stochastic approach, as compared to other 
kinetic techniques, do exist. The multiple experiments that must be 
conducted require that environmental and nutritional conditions placed 
on the animal must be constant. The need for one additional experi-
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ment, and the sampling of one additional compartment in each 
experiment, for each additional compartment included, imposes a 
practical limits on the size of the model used. Solution of a five 
compartment model using stochastic techniques is possible, whereas 
trying to construct a five compartment model from compartmental 
analysis of SA curves from only one or two compartment is probably 
futile. The other major drawback to stochastic modeling is the 
fact that certain compartments are inaccessible. Under such condi­
tions of inaccessibility, the researcher has no choice but to use 
compartmental analysis or simulation analysis techniques to estimate 
flows through these inaccessible compartments. 
Any technique of kinetic modeling works best under conditions 
where a simple system composed of a few compartments is isolated from 
other kinetic processes. The compartments of the system should be 
homogenous, accessible, and contain a reasonable concentration of 
the metabolite to be studied. The rumen VFA fit all of these criteria 
very well except for homogeneity. The rumen VFA are an attractive 
choice for stochastic analysis because all three compartments are 
in the same physical space and the SA of all three VFA can be deter­
mined by chromatography of one sample. 
Kinetic analysis by isotope dilution techniques is much more 
difficult for metabolites such as plasma glucose, plasma acetate, 
and blood bicarbonate. These metabolites are intricately connected 
with many other compartments in the animals body. However, informa-
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tion obtained from solving simplified models involving these metab­
olites can still be useful for establishing qualitative relation­
ships and rough estimates of the quantitative aspect of metabolism. 
Isotope dilution experiments of such complicated systems will be 
more useful when combined with trans-organ balance studies. More 
information is gained when these two techniques are combined than 
if either, or both, are used separately. A good example of valuable 
information that can be obtained by combining isotope dilution 
techniques with trans-organ balances has been published by Pethick 
et al. (1981). 
It is important to recognize the limitations of kinetic experi­
ments. Physiologists and nutritionists frequently group metabolites 
that are similar in function or metabolic fate. For example, in this 
dissertation I have discussed gluconeogenic amino acids. Because 
these amino acids are metabolized by distinct pathways, it is inad­
visable to study their kinetics as if they comprised a single com­
partment. The diversity and low concentration of amino acids in 
both plasma and rumen fluid would make kinetic modeling very 
difficult. Kinetic modeling of urea has been a useful application 
of kinetics to the study of protein metabolism; however, because 
urea is a compartment common to the metabolism of all amino acids. 
Modeling rumen VFA kinetics 
Development of an accurate model for rumen VFA kinetics is of 
practical importance. Knowledge of the rates of production of the 
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major rumen VFA allows quantitative prediction of rumen fermenta­
tion efficiency and rumen production of bicarbonate, methane, water, 
and heat. These predictions require that the fermentation substrate 
be known. The substrate is frequently assumed to be pure hexose 
(Wolin, 1960) and this assumption was used for the calcula­
tions in present paper. Improvements on this assumption would 
involve analysis of feed composition and consumption as well as the 
rumen digestibility of various feed components. While exact data 
on available substrate may be difficult to obtain, some very good 
estimates could be generated with existing feed analysis and diges­
tion techniques. 
Measurement of rumen VFA kinetics in conjunction with calorimetry 
techniques would be very useful in probing for deficiencies in our 
knowledge of ruminant nutrition. Combination of kinetics and 
calorimetry also would be helpful in differentiating energy processes 
occurring in the rumen versus those occurring in animal tissues. 
For example, by determining total heat produced using whole animal 
calorimetry and calculating heat production in the rumen from VFA 
stoichiometry, it would be possible to estimate heat production by 
the animal tissues. Similarly, in respiration calorimetry, calcu­
lation of VFA stoichiometry would enable the differentiation of 
the amount of CO derived from fermentation and the amount derived 
2 
from animal tissue. 
Manipulation of rumen fermentation, using ionophores or with 
buffers and salts that change fermentation by altering dilution 
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rates, is an important new technique in ruminant nutrition that must 
be developed fully. Accurate measurement of the rumen production 
of individual VFA will be necessary to fully understand, assess, and 
redefine these manipulation techniques. 
One contribution of the present study to the field of ruminant 
nutrition is the application of general solutions for open systems 
to rumen VFA production. This is an improvement over techniques 
that have been used in the past to study rumen VFA kinetics. These 
older techniques were either theoretically unsound (Leng and Brett, 
1966; Weller et al., 1967) or needlessly restrictive (Bergman et al., 
1965). 
General solutions to open systems can be constructed using areas 
obtained from single injection experiments or plateau SA obtained 
from continuous infusion experiments. Whenever area is the only 
useful information obtained from single injection experiments, as 
was the case in this study, identical information can be obtained 
with continuous infusion experiments. The latter would require 
chemical analysis of fewer samples and plateau SA can be determined 
with much less computation than can areas from single injection 
experiments. The technical difficulties associated with maintaining 
continuous infusion rates should not be ignored but would probably 
be less time consuming than the additional chemical analyses and 
mathematical analysis associated with single injections. 
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Modifications of single injection and continuous infusion 
dilution techniques are available if rumen volume and concentrations 
of each VFA are determined by non-isotopic techniques. From the 
known pool size and dose, it would be possible to fix the value for 
SA at time zero for single injection experiments. This value would 
greatly facilitate accurate interpretation of the early segment 
of the SA curves for rumen VFA. If pool size is known, TER can 
be computed from continuous (or primed continuous) infusion experi­
ments, providing that the decline in SA following cessation of 
infusion (washout curve) is monitored. This last technique, 
although the most time consuming and expensive of those suggested, 
would probably yield the most accurate and useful information. 
Although uniform distribution of label is possible in a single 
injection experiment, it requires that the rumen be artificially 
mixed. Artificial mixing perturbs the system being studied and is 
therefore not the best possible approach. At the start of the 
washout curve (i.e., at the end of the continuous infusion) isotope 
will be distributed much more uniformly throughout the rumen than 
is possible with any acceptable single injection technique. A 
measure of the TER, obtained from the washout curve of a continuous 
infusion and the independently know, pool size for the VFA, would 
be more accurate than that obtained by single injection. 
The TER obtained will equal the F^^ of the compartment in ques­
tion if the model is complete and valid. If this TER exceeds the 
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computed then the model used is insufficient to explain fully 
the kinetics of the VFA. In the present study, validation of the 
rumen model has been measuring the importance of chemical recycling 
through various compartments (i.e., plasma acetate, blood bicarbonate, 
and plasma glucose). This type of validation never can be con­
clusive. Therefore, it is necessary to compare the TER and F_ to 
determine whether new compartments, either physical or chemical, need 
to be examined for inclusion into the model. 
Pathways for chemical recycling that have been examined in the 
present study include carbon recycling through rumen bicarbonate and 
through rumen amino acids. Rumen and blood bicarbonate equilibrate 
extensively. Most (if not all) of the conversion of butyrate and 
acetate to bicarbonate occurs after absorption of acetate and buty­
rate. Even so, it is possible that some recycling of acetate and 
butyrate carbon occurs through rumen bicarbonate. The recycling of 
the number one carbon of propionate through rumen bicarbonate, as 
already discussed, is of practical importance when studying rumen 
propionate kinetics. 
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Rumen VFA are extensively labeled when [ C] alanine is 
introduced into the rumen (Syvaoja and Kreula, 1980). Acetate 
carbon, and to a lesser extent propionate carbon, can be used in 
the synthesis of rumen amino acids (Sauer et al., 1975). Therefore, 
rumen amino acids may be involved in the recycling of VFA carbon. 
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It is obvious, even from casual observation, that the rumen is 
not a physically homogenous environment. One reason for physical 
heterogeneity in the rumen is the stratification caused by differ­
ences in the density of feed particles. Feed particle density 
is a function of dietary composition and the extent of digestion 
of the particle. Smaller, discontinuous compartments exist within 
any given horizontal layer in the rumen. These discontinuous com­
partments consist of liquid that is in various states of association 
with the feed particles (Czerkawski, 1979). The lumenal surface of 
the rumen epithelium forms an additional compartment. Rumen microbes 
in close association with the rumen epithelium are subjected to in­
creased concentration of oxygen and urea diffusing across from the 
host animal's blood stream (Cheng et al., 1979). The different 
physical compartments in the rumen are subjected to different 
dilution rates. 
The existence of separate environments within the rumen leads 
to the establishment of distinct sub-populations of microbes within 
the rumen (Cheng et al., 1979). Existence of such biological 
diversification without generation of chemical gradients in the 
rumen is unlikely. The description of physical compartmentation 
in the rumen is an area of research that needs to be emphasized. 
Characterization of the compartmentalization in a rigorous way 
has begun (Czerkawski, 1979). There may be extensive recycling 
of VFA among physical compartments in the rumen. Sampling of VFA 
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from different physical compartments in the rumen would allow 
the inclusion of physical recycling into a model of rumen 
VFA kinetics. 
Construction of a complete and valid model for any system is 
a multi-step process. While the approach used in the present study 
of rumen VFA kinetics is an improvement over previous studies, the 
present study has not conclusively validated a model for rumen VFA 
kinetics. However, no theoretical modification of the approach used 
in this study is necessary before expanding the rumen VFA model to 
include other compartment, provided that these compartments are 
physically accessible. In this study, several pathways of chemical 
recycling have been investigated and quantitated. Quantitative 
measurements of these pathways will be necessary for complete 
validation of a rumen VFA model in the future. 
Effects of monensin 
Honsnsin increased propionate production, decreased acetate pro­
duction, and tended to slightly increase butyrate production. If 
monensin acted directly on propionate production, it is likely that 
the increased propionate production would decrease the reducing 
equivalents available for butyrate synthesis and thereby reduce 
butyrate production. Alternatively, if monensin inhibited acetate 
production, then more hexose would be available for fermentation 
to butyrate and propionate. This shift would automatically decrease 
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the production of reducing equivalents, and therefore methane, in the 
rumen ecosystem. This latter explanation is compatible with the data 
obtained in the present study. 
Whereas rumen acetate turnover was decreased by monensin, the 
irreversible loss of plasma acetate increased. Because the same total 
amount of VFA was apparently absorbed from the rumen, the reason for 
the increase is not apparent. Previous work in this laboratory 
(Herbein et al., 1978) has shown that increased propionate avail­
ability, due to monensin supplementation, does not increase glucose 
turnover. These observations could be combined and interpreted to 
mean that the increased propionate produced in the rumen simply may be 
oxidized to acetyl-CoA and then converted to acetate for distribution 
to tissues. 
Oxidation of propionyl-CoA can yield eight ATP from the reducing 
equivalents generated in the reduction of succinate, malate, and 
pyruvate. Two additional high energy phosphate bonds arise from sub­
strate level phosphorylation upon conversion of succinyl-CoA to suc­
cinate and phospho-enol-pyruvate to pyruvate. These two ATP equiva­
lents offset the two required in the formation of methyl malonyl-CoA 
from propionyl-CoA and phospo-enol-pyruvate from oxaloacetate. 
Acetyl-CoA yields 12 ATP upon oxidation (White et al., 1973). 
Allowing one ATP for formation of the acyl-CoA from the free acid, 
the net yield is 11 ATP from acetate and 19 ATP from propionate. 
This ratio (19/11) = 1.73) is essentially identical to the ratio of 
the molar heats of combustion of these VFA (365/209 = 1.75. There­
fore, even if all of the additional propionate produced as a result 
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of monensin supplementation is oxidized via acetyl-CoA, the energy 
retained because of increased rumen fermentation efficiency will be 
entirely available to the ruminant. 
Energy, and not protein, was the factor limiting growth in the 
present study and in that of Herbein et al. (1978). Under condi­
tions where protein availability limits growth the extra propionate 
may be diverted to amino acid synthesis. This would account, at 
least partly, for the protein sparing effect of monensin. Further 
studies involving the metabolism of propionate to plasma glucose, 
plasma acetate, rumen bicarbonate, and blood bicarbonate," are 
needed. In addition, studies on cattle that are gaining at a sig­
nificant rate, and in which the protein to energy ratio is manipu­
lated, would help answer some of the questions left unanswered by 
the present study. 
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SUMMARY 
A model for studying rumen VFA kinetics may be simplified to 
a single compartment system for propionate plus a separate, two 
compartment system for acetate and butyrate. Ignoring carbon 
recycling between these systems will not affect measurements 
of rumen VFA production rates significantly. Carbon recycling from 
rumen acetate, propionate, and butyrate through other rumen VFA, 
blood CO2, and plasma glucose is negligible. Carbon recycling 
for rumen acetate through plasma acetate is of minor importance, 
accounting for less than 5% of rumen acetate turnover. 
Monensin decreased acetate production and increased propionate 
production. Butyrate production actually may increase in response 
to monensin supplementation although no significant changes were 
noted in this study. Decreased acetate production may cause in­
creased production of propionate. 
Monensin did not have a significant effect on the interconver­
sion between the extracellular rumen acetate and butyrate pools. 
Monensin effected a 6% increase in rumen fermentation efficiency 
for this high roughage diet. 
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APPENDIX A; TABLES 
Table A-1. Dowes used and data obtained from specific activity curves in trial 1 
Experiment^ Treatment Dose Acetate Butyrate Propionate n 
ecursor curve 
r 
(Mdpm) dpm*mln/vimol C (dpra/ (for n-
Umol C) 
181 ARA -M 1709 147452 21078 2 1967 .983 
181 BRA -M 1071 30277 131025 2 1121 .989 
181 PRA -M 425 51076 1 542 .991 
181 ARB +M 1680 193209 45576 2 4389 .976 
181 BRB +M 1162 33340 154700 2 3501 .996 
181 PRB +M 593 52729 1 514 .980 
182 ARA +M 1634 136377 39942 2 2193 .936 
182 BRA +M 988 22672 221057 2 3273 .972 
182 PRA +M 478 81279 2 3380 .934 
182 ARB -M 1557 111808 34838 2 1359 .970 
182 BRB -M 979 19307 201616 2 2586 .989 
182 PRB -M 448 97558 1 1436 .995 
^Code for experiments explained in text. 
^Number of exponential terms in the filled equation 
*^Sum of the intercepts, equivalent to SA^ 
^Coefficient of determination for linear relationship of InSA with time. 
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Table A-2. Pool size, irreversible loss, total entry rate and 
transfer quotients for rumen fatty acids in Trial 1 
Experiment Treatment 
Pool 
Size 
Irreversible 
Loss 
Total 
Entry 
Rate 
Transfer 
Quotient 
mmol C mol C/day % 
181 ARA -M 869 16.7 21.6 14b 
181 BRA -M 955 11.8 15.8 23 
181 PRA -M 784 12.0 12.0 9 
181 ARB +M 383 12.5 35.5 K 181 BRB +M 332 10.8 36.4 22 
181 PRB +M 1154 16.2 16.2 11^= 
182 ARA +M 745 17.3 27.9 29^ 
182 BRB +M 302 6.4 11.3 10^ 
182 PRB +M 141 8.5 12.8 5^ 
182 ARB -M 1146 20.1 26.6 31^ 
182 BRB -M 379 7.0 8.2 10^ 
182 PRB -M 312 6.6 6.6 4 
fraction of rumen butyrate from acetate. 
^Fraction of rumen acetate from butyrate. 
"^Fraction of plasma glucose from propionate. 
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Table A-3. Dose, area and transfer rate matrices for steer 8325 
in period A (- monensin) 
Secondary Primary metabolite 
metabolite Acetate Butyrate Propionate Glucose Carbonate 
Acetate 
Butyrate 
Propionate 
Glucose 
Carbonate 
1270700000 
1401300 
1783400 
0 
0 
Dose (dpm) 
930790 
929860000 
0 
0 
0 
0 
161240 
806020000 
. 0  
0 
0 
0 699990000 
0 
0 
0 
0 
0 
0 2054000000 
Area (dpm * min/ymol C) 
Acetate 
Butyrate 
Propionate 
Glucose 
Carbonate 
76489 
14040 
4430 
9625 
12630 
23430 
390236 
1978 
20867 
11520 
2464 
840 
302040 
38957 
9601 
271 
285 
356 
78907 
9243 
394 
165 
4137 
6061 
26579 
Rate (mole Carbon/day) 
Acetate -24.254 1.442 0.178 0.041 0.314 
Butyrate 0.607 -3.468 0.002 0.009 0.010 
Propionate 0.096 -0.003 -3.856 -0.055 0.611 
Glucose 1.068 0.212 1.594 -13.105 2.723 
Carbonate 16.814 2.000 1.783 13.383 -114.873 
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Table A-4. Dose, area and transfer rate matrices for steer 8325 
in period B (+ monensin) 
Secondary Primary metabolite 
metabolite Acetate Butyrate Propionate Glucose Carbonate 
Dose (dpm) 
Acetate 1234700000 928210 0 0 0 
Butyrate 1361600 927280000 161910 0 0 
Propionate 1732900 0 809370000 0 0 
Glucose 0 0 0 682680000 0 
Carbonate 0 0 0 0 1933900000 
Area (dpm * min/ymol C) 
Acetate 85244 14460 2899 50 397 
Butyrate 19292 106707 1450 73 230 
Propionate .6985 3800 145201 170 3594 
Glucose 8340 7219 29950 97693 5048 
Carbonate 16402 12810 11304 9867 31728 
Rate (mole Carbon/day) 
Acetate -21.578 2.874 0.389 -0.013 0.207 
Butyrate 2.884 -12.913 0.065 0.003 0.050 
Propionate 0.436 0.124 -8.092 -0.079 0.923 
Glucose 0.481 0.388 1.984 -10.207 1.390 
Carbonate 14.205 8.095 4.771 9.067 -89.991 
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Table A-5. Dose, area and transfer rate matrices for steer 8327 
in period B (- monensin) 
Secondary Primary metabolite 
metabolite Acetate Butyrate Propionate Glucose Carbonate 
Dose (dpm) 
Acetate 
Butyrate 
Propionate 
Glucose 
Carbonate 
1260900000 
1390500 
1769700 
0 
0 
913770 
912860000 
0 
0 
0 
0 
158170 
790670000 
0 
0 
0 
0 
0 
691820000 
0 
0 
0 
0 
0 1952700000 
Area (dpm * min/ymol C) 
Acetate 
Butyrate 
Propionate 
Glucose 
Carbonate 
99205 
21850 
6638 
8455 
13895 
15583 
131139 
3271 
7417 
14304 
1689 
150 
95135 
31768 
10335 
38 
180 
479 
89448 
8745 
217 
51 
3312 
7298 
39255 
Rate (mole Carbon/day) 
Acetate 
Butyrate 
Propionate 
Glucose 
Carbonate 
-18.821 
2:247 
0.616 
0.406 
7.878 
2.210 
-10.291 
0.119 
0.307 
6.538 
0.324 
-0.033 
-12.078 
3.581 
5.448 
-0.006 
0.020 
-0.036 
-11.334 
7.137 
0.075 
0.000 
1.022 
1.802 
-73.470 
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Table A-6. Dose, area and transfer rate matrices for steer 8327 
in period A (+ monensin) 
Secondary Primary metabolite 
metabolite Acetate Butyrate Propionate Glucose Carbonate 
Dose (dpm) 
Acetate 1269600000 930090 0 0 0 
Butyrate 1400100 929160000 161770 0 0 
Propionate 1781900 0 808710000 0 0 
Glucose 0 0 0 653360000 0 
Carbonate 0 0 0 0 1974000000 
Area (dpm * • min/ymol C) 
Acetate 93466 17040 1997 301 449 
Butyrate 21320 133517 1490 373 107 
Propionate 3899 1168 110130 797 5067 
Glucose 8732 7727 24928 52209 7465 
Carbonate 13895 10476 8144 6985 27697 
Rate (mole Carbon/day) 
Acetate -20.195 2.542 0.300 0.061 0.246 
Butyrate 2.328 -10.320 0.083 0.063 -0.030 
Propionate 0.151 -0.075 -10.699 -0.102 1.983 
Glucose 0.804 0.606 3.884 -18.665 4.305 
Carbonate 13.125 5.899 4.418 14.197 -107.501 
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APPENDIX B: INDIVIDUAL MODEL SOLUTIONS 
Figure B-1. Solution to the five compartment model for steer 8325 
(Values are for the control ratlon/monensin ration, mol 
C/day. Glucose pool size = 1.27/1.06 moles of carbon. 
CO2 pool size = 3.04/4.07 moles of carbon,] 
7 . 6 6 / 5 . 9 7  0 / 1 . 1 4  8 0 . 8 9 / 5 3 . 8 5  1 1 1 . 2 2 / 8 7 . 4 2  
1 3 . 2 5 / 9 . 0 7  
1 . 0 7 / . 4 8  
1 . 5 9 / 1 . 9 8  2 . 7 2 / 1 . 3 9  
1 . 7 8 / 4 . 7 7  
f 3 1 / . 2 1  1 6 . 8 1 / 1 4 . 2 1  
. 0 1 / . 0 5  
. 6 0 / 2 . 8 8  . 1 8 / . 3 9  
1 . 2 6 / 2 . 8 7  
. 1 0 / . 4 4  
0 / 1 . 5 6  5 . 6 6 / 3 . 5 7  2 . 8 5 / 9 . 9 8  
. 3 1 / . 9 5  2 2 . 4 9 / 1 8 . 1 1  3 . 1 4 / 6 . 7 3  
1 1 4 . 8 8 / 8 9 . 9 9  1 3 . 2 5 / 1 0 . 2 1  
Glucose 
Propionate 
2 . 0 0 / 8 . 0 9  
3 . 4 7 / 1 2 . 9 1  
Butyrate 
2 4 . 2 5 / 2 1 . 5 8  
Acetate 
Figure B-2. Solution to the five compartment model for steer 8327 
[Values are for the control ration/monensin ration, mol 
C/day. Glucose pool size = .85/1.30 moles of carbon. 
CO2 pool size = 4.03/6.23 moles of carbon.] 
5 . 2 3 / 9 . 0 8  4 . 1 9 / 4 . 4 7  4 6 . 4 6 / 6 9 . 8 5  7 0 . 5 8 / 1 0 0 . 9 7  
• 3 1 / . 6 1  7 . 1 4 / 1 4 . 2 0  
1 . 8 0 / 4 . 3 0  . 4 1 / . 8 0  
5 . 4 5 / 4 . 4 2  
1 . 0 2 / 1 . 9 8  
7 . 8 8 / 1 3 . 1  0/0 . 0 7 / . 2 5  6 . 5 4 / 5 . 9 0  
2 . 2 5 / 2 . 3 3  
2 . 2 1 / 2 . 5 4  
. 6 2 / . 1 5  
1 . 2 3 / 1 . 2 7  7 . 6 6 / 3 . 7 8  , 8 . 0 4 / 7 . 9 9  2 . 7 3 / 2 . 1 0  1 6 . 2 2 / 1 7 . 1 0  1 0 . 4 4 / 8 . 5 7  
7 3 . 4 7 / 1 0 7 . 5 0  1 1 . 3 3 / 1 8 . 6 7  
Glucose 
propionate 
1 2 . 0 8 / 1 0 . 7 0  1 0 . 2 9 / 1 0 . 3 2  
Butyrate 
1 8 . 8 2 / 2 0 . 1 9  
Acetate 
13.2/10.4 10.5/8.7 
Propionate Acetate 
1.7/2.8 
,4.0/2.9 Butyrate 
12 .0 /16 .2  
15.5/10.5 8 . 2 / 8 . 6  
Figure B-3. Solution to the rumen VFA production model for steer 181 
[Transfer rates are for the control ration/monensin 
ration, mol C/day.] 
2.3/1.9 4.9/4.7 
Propionate 
2.3/1.9 ^ 
Acetate 
1 2.0/1.8 Butyrate 
6.6/8.5 18.4/15.8 5.2/4,8 
Figure B-4. Solution to the rumen VFA production model for steer 182 
[Transfer rates are for the control ration/monensin 
ration, mol C/day.] 
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APPENDIX C: SPECIFIC ACTIVITY PLOTS FOR 8327B 
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